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ABSTRACT

A computer code was developed for predicting the convective and

radiative heat transfer to the surface of a flat plate with hypersonic

boundary layer flow and with Injection of absorbing, emitting and

scattering particles due to ablation. The program was used to study the

heat transfer rate as a function of wall and freestream temperatures and

Mach Number of the flow. The results were also obtained to study the

effect of injection of absorbing and scattering particles In the boundary

layer on the heat flux as a function of wall and freestream temperatures,

Mach Numbers and particle radiative properties. It is seen that, if there

Is strong external Incident radiation, the injection of scattering particles

reduces the radiative flux by as much as 759 depending on the scattering

-coefficient of the particles and the particle density in the flow.

A review of the published literature shows that the data of the

radiative properties of particles is locking. Also the data on the

radiative properties of modern composite material surfaces is not

available.



NOMENCLATURE

a A tabulated coefficient dependent on the particle size
parameter and refractive index

A Defined in equation (39)

A Effective absorptivity in the presence of scatteringsc

B Defined in equation (40)

B wBE Diffuse surface radiosity

C Mass fraction of injected species

D. jiCoefficient of Diffusion of Specie j into specie i

D Diameter of spherical particlesP

eb Black body emissive power

E Hemispherical radiant flux

E Nth order exponential integral functionn

G Defined in equation (10)

H Stagnation enthalpy

I Radiation intensity

J Change in intensity due to absorption, emission, or scattering

K Coefficient defined by K 2 _ *(*+20)

1 Prandtl's mixing length

m Coefficient defined in equation (26)

m Real part of the complex refractive index m(l-ix)

P Pressure

Pr Prandtl number

P Nth order Legendre polynomial
n

QC Convective heat flux at the plate surface

QR 'Radiative heat flux

QT Total heat flux due to convection and radiation

ii



R Volumetric density of spontaneous radiation

Rf Reflectivity

Re Local Reynolds numberx

S Scattering function

T Temperature

u x- component of velocity

v y- component of velocity

x Distance parallel to the plate surface

y Distance normal to the plate surface

Z Particle size parameter

Greek Letters

a Absorption coefficient

B Extinction coefficient

Y 7Scattering coefficient

6 Coefficient defined in equation (28)

6 xBoundary layer thickness

e Polar angle between the incident ray and the scattered ray

Cosine of the angle between the direction of propagation and
the x- axis

ISeff Effective viscosity

p Density

9 Azimuthal angle

w Solid angle

0' Tabulated parameters relating T A and BX of the particles

Optical coordinate

T 0 "Optical thickness

iii



Subscripts

a Pertaining to absorption

e Pertaining to emission

eff Effective property

s Pertaining to scattering of beam initially in the direction
of propagation

s' Pertaining to scattering of beams from all directions into
the direction of propagation

x Pertaining to location x

w Pertaining to wall

CPertaining to freestream

A Monochromatic or wavelength dependent property

jv



INTRODUCTION

Prediction of radiative and convective heat transfer to the surface of

a hypersonic space vehicle is very important in the design and development

of such vehicles. The predicted heat flux at the surface gives an

Important boundary condition for the analysis of heat transfer through the

skin to the inside of the vehicle. However, this is a complicated problem

especially when the medium of the boundary layer participates in the

radiative heat transfer. If the aerodynamic heating is so high that the

vehicle surface material ablates, the problem becomes even more

complicated, since the mass injection due to ablated material not only

affects the flow in the boundary layer, it also affects the radiative

transfer because the particles of injected mass absorb, emit and scatter

thermal radiation. The ablation phenomenon can be used as a tool for

structural cooling. And If intense incident radiation is expected, such as

from a nuclear blast or a loser weapon, the injected particles can be used

to scatter and reflect the incident radiation away from the vehicle

surface. This con also be achieved by injecting particles with high back

scattering coefficients, into the boundary layer.

This study was undertaken to develop a computer code for predicting

convective and radiative heat transfer to the surface with hypersonic

boundary layer flow and with injection of absorbing emitting and scattering

particles into the boundary layer. This was done by Incorporating a

radiative heat transfer analysis developed by the author [1] Into a

turbulent boundary layer code developed by Potankor and Spalding [2]. The

mass injection Into the boundary layer was added Into the computer code to

study the effect of ablation [3].

The computer program developed in this project was used to predict the

1I



radiative and convective heat transfer rates to a flat surface from the

boundary layer and from on external radiative source. The heat transfer

rates were studied as a function of wall and free stream temperatures and

Mach Number of the flow. Then the results were also obtained to study the

effect of injection of absorbing and scattering particles in the boundary

layer on this heat flux to the surface, as a function of wall and free

stream temperatures, Mach Numbers and particle radiative properties. It Is

seen that if there Is strong incident radiation (we assumed 
1,000 Btu/ft -

sec.) the injection of scattering particles reduces the radiative heat

transfer by as much as 1% to 75% depending on the scattering coefficient of

the particles and the particle density (or volume fraction). This happens

without much change in the temperatures In the boundary layer because the

reduction In the Incident radiation Is mostly due to reflection to the

outside rather than absorption. If there Is no incident radiation from an

external source and the thermal radiation is mainly due to high free-stream

temperatures, the injection of scattering particles is not effective in

reducing the radiative heat flux, because the scattering particles

themselves emit thermal radiation at the boundary layer temperatures and

offset any reduction by scattering. However, the injection from the sur-

face reduces the temperature gradient at the surface thereby reducing the

convective heat transfer and hence the total heat transfer to the surface.

The results from this study give a boundary condition for heat flux to

the surface of a vehicle which can be used to predict the heat transfer and

temperatures inside a composite material wall of a space vehicle. The

results for conditions other than those presented, can be obtained by

running the computer code developed in this study. It must, however, be

pointed out that this study has some limitations which must be Improved and

2



it raises some questions that must be addressed. A limitation of this

development Is the way it models oblation. The ablation process Is modeled

simply as Injection of mass into the boundary layer, without any

consideration of the entholpy of oblation process and the various species

obtained and the surface modification due to ablation. A review of the

literature conducted In this study shows that the data on the radiative

properties (absorption and scattering coefficients) of particles is almost

non-existent. Also, the data on the radiative properties of modern

composite material surfaces is not available. Another question that this

study raises is how the surface ablation of the composite material affects

the surface roughness which then affects the drag and the convective heat

transfer to the surface. It is hoped that the deficiencies In the computer

modeling and the other question raised in this study can be tackled in the

Phase II of the project.

3



THEORETICAL DEVELOPMENT

In order to analyze the radiative and convective heat transfer in a

turbulent boundary layer over a wall with surface ablation, the problem is

formulated as follows:

Figure 1 shows the flow situation and the choice of coordinate system.

The problem is formulated as a steady turbulent boundary layer flow of air

past a flat plate at zero angle of attack. Effect of oblation is modeled

as mass injection from the wall into the boundary layer. There is assumed

to be no shock layer present In order to keep it purely boundary layer

problem. However, output from a shock analysis could be used as input to

this boundary layer problem in order to effect a solution to the entire

flow field.

The governing equations for steady, two-dimensional, radiating,

turbulent flow are:

(a) the conservation of mass

a (OU) + (pr) 0 (1)

(b) the conservation of X-momentum

au + u l- dP
ax a-y =eff.ay dx

(2)

(c) the conservation of energy

3H 3 y ~f 3H + MJeff (PWr a1u 21 -l D QR

eff eff

the concentration equation for the jth specie:

sc ev + 'P V 00 (4)

3x 3Y ZY 4

K&,



where u. v, p. H and C represent the time averaged values of the fluctuot-

ing turbulent quantities. & and Pr ore called "effective" transport

eff eff

properties and refer to the turbulent and laminar contributions to shear

and heat flux respectively. Expressions for these quantities are given In

Appendix A. Since the flow is steady at zero angle of attack, It Is quite

easy to show that

-0 for the flat platedx

The last term in the equation (3). divO , is called the radiation

R

source term. In a high speed, viscous boundary layer, locally the tem-

perature gradients in the Y-direction will be for greater than the tem-

perature gradients In the X-direction. For this reason, a one dimensional

radiative transport regime is assumed.

Therefore,

i dQR(di R = y QR 0 d
0

This term can be calculated using a simplified analysis developed by

Goswami and Vachon [1] and described in the next section.

5
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RADIATIVE HEAT TRANSFER ANALYSIS

This section describes the general equations of radiative heat transfer

in absorbing, emitting and scattering medium and also describes the

development of a simplified analysis of the above problem. The simplified

analysis was first developed by Goswomi and Vachon [1] and was called as

effective absorptivity analysis. Since then, the approach has become

accepted in the scientific community and Is now known as "SCALING" [4-6].

A. General Equations of Radiative Transfer

In order to formulate the equation for the radiative flux vector in on

absorbing, emitting and scattering modium, it is necessary to develop the

expression for the intensity of radiation. IA' within the medium. To this

end, the development of Sparrow and Cess [] is referred to.

Referring to Figure 2, the intensity of radiation within the medium,

IA(x.0). con be considered to be composed of two contributions, i.e., IA(x,e)

directed in the positive x direction and Ix(x,O) directed in the negative x

direction, such that:

IA(x.) (X.) 1- (X,) (6)
-

To find expressions for I and I, a radiation balance is performed on

a volume element of the medium as shown in Figure 2. As a monochromatic
4

beam of Intensity I (x , 6 posses through the volume element, its
+

intensity is changed by on amount dI This change consists of:
+

I. Attenuation of IX due to absorption within the element by an

amount Jxa;

2. Attenuation of I due to scattering by suspended particles In

the medium or by the molecules of the medium by on amount J ,s ;
+

3. Augmentation of I by on amount JX, s: as a result of energy
scattered Into the beam from other directions;

4. Augmentation of IX due to emission from the elemental volume
by an amount JX.e.

7
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Therefore. dIx can be written as:

-+ + J +.
dl A = iA,a - JAs As JX,e (7)

Substituting the expressions for the term on the right hand side of

equation (7), Sparrow and Cess [7] obtained the equation for IA as

( d I (, ) + % e0 ) + -Y G() (8)

dT-- , we~,,, AebA A ) w 4~~-A I A

In the some manner, they obtained the equation for IA as:

Sdl;(rA'*) = -CI (T,.,.) + -eb(T) + G(, ) (9)

d-r A waxb x w AA

where

2v 1
G T A) = ( */d l I(M" )S(p.";U"} d d- (10)

1 in the above equation is called the extinction coefficient

(BA=QX+Y) and TA is called the dimensionless optical thickness given by

TA = dx(11)

Equations (8) and (9) are the equations of transfer. The boundary

conditions for these equations depend on the particular problem at hand.

In the case of an absorbing and emitting medium, equations (8) and (9) are

simplified considerably.

In such a case

x

a A and 'A f ! adx
0

9



and (8) and (9) becomne

d + e bA (1 2a)

dl;A e bA
TZA A + V(12b)

The monochromatic radiation in the X-direction is given by

QRA (T1A) f I I 9 j,# dw. (3
4v

far a one dimensional radiative transfer case, the boundary conditions for

equations (8), (9) and equations (12) can be written as:

at TA 0 + (T i o~~)(4

at =A ToA 1( ,AS) = I l( x'p

The expression for 0 for absorbing. emitting and scattering media becomes
R

Q ,(TA 2wf 1 +(OI)e TA/u Idu-2w~fI (TOX.-P)e (TOXfT)/p 1du

0 0

+ 2 IA[?.ebA(t) + -G(0)1 E2(.1A- t)dt (5

0 AA

-2 f [ e t + A ,t ] 2 (t--T)dtOx bl jt) 4s A 1t 2

IM
A i



where C ore the exponential integral functions defined by

n

Cn( t )  f /V n- 2 e-t/ u d j (16)

0

Similarly for an absorbing and emitting medium, we have from (12). (13) and

(14)

1 1= 2,f 1 (O.P)e-'A''ud. -2wf 1(

0 0
(17)

A J'lox+ 2f e bAMt)2(.t- t)dt -2 f ebAMt Y2t-ld~dt

0 TA

and

dQ Rx +,/ ,f x/d7 = 2wf A (o.P)e- do + 2. fI(To -)(ToATA)

0 o

(18)

+ 2wf eb(t) £l(IT A-tl)dt -4 ex(t)

0

Equations (8). (9). and (14) are quite difficult to solve numerically and

result In a very complex computer program.

An alternative analysis has been developed using a different approach

which results in considerable simplification In the radiative transfer

analysis for an absorbing, emitting, and scattering medium. This develop-

ment is described In the next section.

11
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B. Effective Absorptivity Analysis

It con be seen from the previous section that by assuming the

scattering coefficient Y to be zero. and therefore B0 A A the equations

8. 9, and 15 can be simplified considerably to become equations 12o. 12b

and 17 respectively. The simplified equations 12 and 17 neglect

scattering. If. however, an expression for the absorption coefficient

can be found that includes the effect of scattering, then equations 12 and

17 will describe radiative heat transfer in an absorbing, emitting and

scattering medium. This is precisely what is done in the Effective Absorp-

tivity Analysis described below:

Consider a case of radiative heot transfer between two Infinite

parallel plates with an intervening medium of on absorbing, emitting and

scattering gas (Figure 3). Consider a thin layer of the gas in the medium.

Assume the radiant heat flux vector to be in the form of a difference of

two fluxes in the X-direction flowing In opposite directions. The

differential equations for the Intensity of radiation Ij and Ix. as

derived earlier can be written as:

dl +lG.X) + YfdI(x)= -Bx J(u~x) +.2 F ] (,'.~x)S(,u.)dw" * axebA
A 

-PX

4w

dl- I' x) * A e b

i x -X (U x)  I+(r,,x)S(u ,)dw + aebA
IiA AA4 XV")("

Integration of jB) over a hemisphere gives:

J L (liodw = Af 1+(,X)dw, - YAJ I+(,,x)dw
4 J + .. + 21+ e9)

Y
+4.fwfA -xJ'vd- + oO

2w 4w

13
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Here represents integration over hemispherical solid angle (Figure 5)

sucn that p. measured from the positive normal, varies from 1 to 0 and flo.
represents Integration over a hemispherical solid angle such that p measured

from the positive normal varies from 0 to -1.

The second term on the right hand side of (19) con be written as

2 w +, 2 ', +

-y.f.lf ]d ,y IVxd,

- [s(vu, )dwdw -'
44w

L.. f(.-d= (20)

4ir

I dw fx)S(pV)dw
4v 2w+

Substituting (10) in (19). we get the right hand side equal to

A + (p,x)dw - X f I+ (,x)S(pjt')dw

w+ 2W 2W.( -) +
dwf +(p'x)S~~t,-dw +4-A(jj',x)S(jj,jj)dw"

2 w. w 2 T,+ 2 w,+

+ " d- I ( vIJx)s(P . ' )dw] +2" ZAebx

Noting that integration of IX on 21 will be the some as integration of
+ + +

I on 2 * equation (19) becomes

I Pdw - -ad I(P,x)dw- 4j dwj(p',x)S(jP'dw" (21)
2+ 4 2 +

+ 4 dw I (u',x)S(ij')dw " + 2a Aebk
2%, 2%

14



Equation (21) can be written in compact form as:

R

dEA+ EA + R (22a)

dx (aA 
+  6A+ IA)mA+ 4 6 - A nA . -_

Similarly. from (8b) one can get:

dEx_ R

d-+ 6 = (6 6 ). E -+6kyII E (22b)

dx a A .. 6 - )mA-A 2

Equations (220) and (22b) are the differential equations for the fluxes

E and E In these equations, the terms are defined os follows:

E J , vd (23)

2+

E z IX dw (24)
2v-

R = Spectral volumetric density of spontaneous radiation.

40LtebX (25)

and 2! IA(u,x)d ,

In (26)
+ , I (ux)2dw

121+

,_ IX(ux)dw

mA I IA( u'xx dw' (27)

j dwf I A(GV,x)Su,v')d.-
2v 2+

6 A+ 4 v J IA (vJx)dw (28)

12w+ 1 (29)

6 _ z 4 w f2 ,, A (u 'X )dw "

- 15



If I is isotropic within the limits of the hemispherical angle mi and m
A A4 +

turn out to be equal [81.

m =m M =2

while the coefficients 6 Aand 6 xfor the axisymmetrical characteristic

curves of arbitrary shape are also found to be equal to one another and are

determined from the following:

6 A 6x W i-12f + d f S(p~uv)dw' (30)
8 W 2 . 2 .n

From (22a) and (22b)

d(EA+ EA dc~ +2a
2 y E

A+ A - c -2(c, 2 6y )E+6 E
dx dx A AYA )EA+ 2 A A A A A

-2(a A+26A YA)c A + R A
and

d(E -E I) d-
A4  A dA - -tE 2aE

dx dx AA + AA.X.

=- 2 *

de
x -2(a, + 26 YAc + RA

from (51) and (32) one obtains

d~c (33)
-4K

2 J- -2a R
dX2  A A A A

16



where

K2 c a (Ga + 26 Y 34A A AA (4

The solution of this equation is found to be

- = 2K Ax -2K Ax aARA (35)
CA Ae A +Be +2K

and

+ K A ?eKx -2KA (36
CE -Be

Therefore E A and E o- re obtained as

AK A T + K
A AA

K, 2 (K -KAx -AR A(38)
A) a. A ~. 4K2

A

Boundary conditions for the layer are

E, +1 AE and EJ

Substitution of these conditions in (37) and (38) gives A and 8 as

17



(i'; 2 K(t2Z " "~ :'I  ' ~ ~(9)

2E~xl" A(1 - e?Kx 1l R-- 2K

2I - 2K x -

1. )e 2K 2

Tronsmissivity of the layer from x to x is
.1 2

2

A 
K

2K. (,_3EZ (° <)

wtiere

A D

2E + ( K K) 2K 2 K /

-K2K x1  0AX(40)

(l+ - x e

Tranmisivit ofthe oye fro x o xis



Reflectivity "R " of the layer is

f

ER, . I
x x

Rf= +
EAx 1  ()

_ 1 [ A0/1, + KX e2 Y,1- P B(D - 2K ~ xieKX'A
2 X,2 ~ 0. 4KEAX

Absorptivity "A " - 1 D D - R

Sc f

1 [AD KA )2Kx2 K 2KxX

E+
e  A (1+ A)e

xx
1

- ( 4 5 )
+ o !D 2KA X2  K,) -2K~x,

Equation (45) Is the expression for absorptivity which includes the effect

of scattering. This is given the name "effective absorptvity in the

presence of scattering."

Recalling that

Absorptivity A(.) 1eAX (46)

on effective absorption coefficient O con be obtained from the effective

scabsorptivity of a layer of thickness (x -x ) from the relation

2 1
-zsc( 1x2 -x1 I)

A is= 1 - e (47)

thus calculated Is the coefficient which takes into account the effect°Xsc

of scattering. Absorption coefficients calculated by this method are used

i9



In the calculation of heat radiation from equations (17) and (18):

1 1 I ( 1 - I

CR( ) = 2 , I(o.)e- dA - 2ufI(Taf ) ),_' Aud
0 0 (17)

oTT

and

dQ1

dR_ A"2 + -(O/)e A + 2wfIx(r - eox-

ox f(18)

+ 2 fO ebX(t)cl(JTX
-t ) - 4ebx(T18

0

T ixA these equations is

x (48)

=f a SCd

It should be noted that the above equations (17 and (18) are for an

absorbing and emitting medium. By substituting the coefficient a Sc

calculated from (45) and (47) for the regular absorption coefficienta~X

these equations will describe the radiation transfer for an absorbing,

emitting, and scattering medium.

Assume that the wall surface is black with respect to radiation, and

that any radiation incident on the edge of the boundary layer has a

wavelength distribution Identical to a perfect radiator, and furthermore,

that radiation emitted from the surface or at the edge of the boundary

layer Is emitted diffusely. Then

20



A eb)x 8 eb- (49)

where B and B., are the surface radiosities. It follows invnediately that

wX

0 T to d 2e (50)

~ f ~ b W 2 L 3 ( )

2 1 - 1 (j) e ) ub 2 e 3 - (51)

2f I)(o 0 .) e 0 A. 2%cj 3('o ') (53)2-v 0 ] (0 .M) eQO dA 2eb 2((52 )

2v e( 0x0T)/.) do 2eb c('0  (5)

Now equation (5) becomes

-div QOR =. 2oa C  e b  c 2(l )  e b. C2 (TO T, (53)

0e b (t) c, A-0) dt -2e b (11)( d

21



Scattering Function

I I

The scattering function A( e, 0 ;0 .0 ), sometimes called phase

function, characterizes the directional distribution of the scattered

energy, such that

dw4v

represents the probability that radiation in the frequency interval dX

centered atA and from a direction (e6'") will be deflected in a direction

(0. 0 ) within a solid angle "di,". Figure 4 shows a coordinate scheme for

the scattering function. The integral of this quantity over all the solid

angles should, therefore, be equal to 1.

Sfs(e., ;e,) d, = 1
i.e. do

41

Scattering by a single particle is called "single scattering." If a

relatively few particles exist in the volume, the scattering can still be

characterized by "single scattering" but will have an amplitude proportional

to the number of particles in the volume. As the number of particles is

Increased, each particle is subjected to increased radiation scattered by

other particles. This type of scattering is characterized by "multiple

scattering."

Analytical determination of the scattering function is made by solving

Maxwell's Equations for the propagation of electromagnetic waves with the

appropriate boundary conditions. The problem was first solved by Gustav

Mie. The development and results were reviewed in detail by Van De Hulst

(6) and will not be given here. According to Mie's theory, for homogeneous

spheres, the scattering function may be expressed as a function of the size

parameter "Z" and the refractive index "r-ix" of the sphere with respect to
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FIGUJRE '4. CORDINATE SOUIfE FOR SCATTERING FUN4CTION
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the surrounding medium.

Z D(55)

where

D = Diameter of the particleP

A = Wavelength of radiation

For values of Z<<I, a simpler formulation developed by Rayleigh holds

and for large values of Z, principles of geometrical optics ore often

utilized. The computation of the scattering function is thus frequently

classified as below:

Z << 1 Rayleigh scattering

Z = 1 Mie scattering

Z >> 1 Geometrical scattering

When the scattered radiation is spread equally in all directions, it is

known as isotropic scattering.

SAW(e-, #; 0, *) 1 (56)

The scattering function for RAyleigh scattering con be written in the

form
S (e°,s;e,s) = - ( l+Cos 2 e)57

j4 e+O a (57)

Here e represents the polar angle between the incident roy and the scattered

roy.

In this study, axially symmetric scattering functions have been used.

An axially symmetric scattering function is defined as describing the

condition in which the intensity of radiation scattered from a pencil of

rays incident on an elemental volume Is axially symmetric with respect to

the direction of the incident pencil. A further requirement Is that the

scattered Intensity be independent of the direction of the incident pencil
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with respect to the axis of the system. Thus for the case of a particle

with an axially symmetric scattering function, the function may be

tabulated as a function of a single angle (usually the angle between the

scattered roy and the forward direction of the Incident pencil of rays).

The assumption of axially symmetric scattering function has been shown to

be a reasonable assumption for random orientation of particles by Love and

Beattie [9]. They presented measurements for clouds of aluminum particles.

iron, gloss, and silica particles. A typical plot of the experimentally

obtained scattering function is given in Figure 5.

In this study, the work of Chu. Churchill and Clark [10] was used to

compute the scattering functions. They prepared their values for real

refractive index and axially symmetric scattering. The extinction and

scattering coefficients were token from the work of Chromey [11] and are

presented in Figures 6 and 7.

Chu, Churchill and Clark [10) have published a table of coefficients

to be used in a Legendre Polynomial representation of the scattering

function for spheres having real refractive indices ranging from E = 0.9 to

- 2.0 and - = and for values of Z from 1 to 30. In their

representation, the scattering function is expressed as

n=m

S(O) = 1 + Y an Pn(CosO) (58)

n=1

where S(e) is the axially symmetric scattering function, a ore tabulated
n

coefficients dependent on the particle size parameter "Z" and the

refractive index "i." p n(COse) ore the nth order Legendre Polynomials with

the argument CosO and e is a polar angle.
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Now the scattering function can be written Os:

S Gj,I S(0do

nlm 27T

S (Ij. L.) 1 L Tja ~(COSO) do- (60)

(6w

n Gj-( U- L P (Cose) do- (2

Chromey (9) has tabulated values of parameters which are denoted asr)

and a)' for particle size parameter Z from 0.2 to 2.0 in increments of 0.2

and for refractive index "m(1-ix)"

for m - 0.50, 0.75, 1.00.- ---------- 3.00

x - 0.0. 0.1, 0.2,- ------------- 1.0

The following relationships exist between and and the extinction and

scattering coefficients:

YX (63)

HsiZ (64)

p
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Radiative Properties of Surfaces & Particles

Radiative properties that have importance in the high speed vehicle

development include:

1. Emittance and reflectance of vehicle skin surface

2. Absorption coefficient and scattering coefficient of

particles that can be injected into the boundary layer

as coolants.

3. Absorption and scattering coefficients of ablation products
of vehicle sheathing

4. Scattering functions of coolant particles and products of
ablation.

A computer literature search was conducted to compile the published

data of radiative properties of materials Important to this study. The

available data is being presented In this report. There is very little

data available on the radiative properties of materials of interest. Most

of the data available Is for the emissivity and reflectivity of surfaces of

metals (1-93. The data for absorption and scattering properties of

particles is almost nonexistent. Gouboreff, et. al. [12] compiled the

thermal radiation properties data available In the fifties and before. The

data reported was mostly for metals, alloys and building materials.

Toulukion and DeWitt [13] also compiled the radiative properties of metals

and alloys. Unfortunately, most of the data reported In References 1 and 2

Is old and there is considerable disparity between data token by different

investigators for the some materials. Blau and Francis [14] presented

measured data of the spectral emittonce of stainless steel and platinum and

inconel surfaces coated with silicon monoxide for a wavelength range of 2

to 14 microns. They also showed the effects of surface oxidation which con9

change the spectral properties by as much as 500%. The data is presented

In Appendix A. Neuer and Warner (15] also showed the effect of surface

30 Jil 111o



oxidation for steel. Keegan. et. al. [16] presented measured data on the

diffuse spectral reflectance of beryllium, steel, aluminum and platinum

over a wavelength range of .2 to 2.1 microns. This data is also presented

in Appendix A. Peletskij. et. al. [17] presented data on the total hemispheri-

cal emittance of titanium. The more recent studies on radiative properties

of metallic materials are presented in References 18 and 19. Romonothan [18]

compared some recent measurements with theoretical predictions. The data

for copper, silver, and aluminum Is presented in the Appendix A. Mokio,

et al. [19] evaluated theoretically the spectral and total emissivities of

cobalt, chromium and nickel. Their calculated values for cobalt compared

well with the measured values. Therefore. their data for cobalt, nickel

and chromium Is presented in the Appendix A.

Radiative properties of surfaces of ceramics and other heat resisting

materials ore presented in References 20 to 27. DeWitt and associates [20,

21] presented measured values of spectral emissivity of silicon carbide.

silicon nitride and tantalium. These values ore given in the Appendix A.

Wilson [22] reported data of spectral and total reflectivity and emissivity

of ablation chars and carbon and zirconia for temperatures of 2100'K to

3700'K. This data is also presented In Appendix A. Douglas [23] has

presented the radiative properties of a Mylar-aluminum laminate. Khrustaler

and Rokor [24, 25] presented measured data for total hemispherical and

total directional emissivity for Nobium, Molybdenum and tantalum. The

most recent data of radiative properties of ceramic materials was presented

by Mokino, et. al. [26, 27, 28). They presented spectral and total

properties of surfaces of white ceramics (Al 0 , Z 0 ). block ceramics (Si

N , SIC) and metallic ceramics (TIC and TIN). Their data as well as data

from references 25 and 24 is presented in the Appendix A.
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Shofey and Kunlitomo [29, 30] and Kunitomo. et. al. [31] have presented

theoretical and experimental studies of the absorption and scattering

properties of particles of pigments and related these properties to the

reflectance of pointed layers containing those pigments. While the data

presented is not of much Importance to our study, some of the ideas

presented in thel- papers ore.

The data that Is lacking the most in the literature is for the

absorption and scattering properties of particles and clouds of particles.

References 52 and 55 presented the radiative properties of clouds of soot

generated by fires. While this data is not directly useful in this study,

It may become useful if a method of thermal protection is developed based

on this. Therefore. selected data from these references is given In the

Appendix A. Reference 34 to 36 presented some useful data on the radiative

properties of particles. Nagy and Lenoir [34] presented absorption and

scattering coefficients of aluminum oxide particles of sizes 6 and 12

microns in the wavelength range of 2 to 12 microns. Sanders and Lenoir

(35] presented measurements of back scattering and extinction efficiency of

graphite and aluminum oxide particles. Love and Beattie [56] also

presented measured data for clouds of aluminum, iron, glass and silica

particles. Some selected data from these references in presented in the

Appendix A.
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RESULTS

Based on the theoretical development described earlier in this report,

a computer program was developed that solves the turbulent boundary layer

flow equations for mass injection of the absorping. emitting and scattering

particles in the boundary layer. This was done by modifying on earlier

code developed by the author. This earlier code [1] involved the inclusion

of radiative heat transfer analysis in the Patankor Spalding code for

turbulent boundary layer flow. The modification involved the inclusion of

concentration of species equation in the boundary layer flow to account for

the mass injection and ablation. This modification was taken from another

publication by the author (Reference 3). Since both of the above

mentioned studies (1. 3) had validated their results separately, and the

present study involved merging the two no attempt was made in comparing the

present results with any other publication.

The developed computer program was used to obtain results for

radiative, convective and total heat transfer to the surface of a flat wall

for various combinations of wall temperature, free stream temperature, Mach

Number and scattering coefficients of the injected particles. The results

were obtained to analyze the effect of injected particles for protecting

the wall surface from incident thermal radiation from an external source.

Figure 8 shows the total heat flux in Btu/ft -sec. to the surface as a

function of the distance from the leading edge of the plate for T /T of 1,

2, 4 and 6. The total heat transfer is the sum of the convective and

radiative heat transfer. This figure shows the total heat transfer when

there is no external incident radiation. In such a case, the radiative

heat transfer is a very small part of the total heat transfer. This can be

seen from Figure 9. As seen from this figure the radiative heat transfer

Is less than .1% of the total heat transfer for T /T. equal to 1. The
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relative fraction of the radiative heat transfer increases as T . increases

for the some T . At T W/T. of 6 the percentage of the radiative heat

transfer increases to about 5%. Figure 10 shows the radiative heat flux to

the surface as a function of the distance from the leading edge for various

free stream temperatures. It is seen from these two figures that radiative

heat flux is relatively unimportant when the free stream temperatures ore

not too high. In such a situation any strategy for thermal protection

should try to reduce the convective heat flux. However, protection from

thermal radiation becomes important when there is a strong external

Incident radiation source present, such as a nuclear blast or a loser beam.

In this study, we hove assumed the external radiation source to cause a

uniform incident thermal radiation flux of 1000 Btu/fe -sec. at the

external edge of the boundary layer (Figure 11). Figure 12 shows the

effect of Mach Number on the radiative, convective and total heat flux. As

seen from this figure, the radiative heat flux is affected very little by

the change in Mach Number. However, the convective heat flux increases

with Mach Number, thereby increasing the total heat flux. Figure 13 shows

a typical temperature profile in the boundary layer in hypersonic flow.

The Injection of particles that absorb and scatter thermal radiation

reduces the externally incident radiative flux. This Is seen from Figures

14 and 15. In these figures the effect of scattering coefficient of the

Injected particles on the radiative and total heat flux is seen. These

figures show very clearly the potential benefits of using this technique

for the thermal protection of the vehicle surface by injection of strongly

scattering particles. Figure 16 shows the effect of scattering on the

radiative heat transfer for different Mach Numbers. It can be seen from this

figure that by Injection of purely scattering particles it is possible to
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reduce the incident radiative flux by 75% for flow at Mach Number of 6.

Similar reductions are seen at higher Mach Numbers also. Figure 17 Shows a

temperature profile in the boundary layer with the injection of absorbing

and scattering particles. If the particles only absorb and do not scatter,

the temperature in the boundary layer will be higher than the case where

particles scatter radiation. The reason is that for the case of scattering

particles part of the incident radiation is reflected out of the boundary

layer instead of being absorbed resulting in lower temperatures in the

boundary layer. The results show that for the case where there is no

external incident thermal radiation the radiative flux is a very small

froction of the total heat flux. In this case, the injection of mass does

not hove any effect on the radiative heat transfer. However, even in such

a case, there is a benefit that can be seen from Figure 18. This figure

shows that mass injection in this case reduces the convective and thus the

total heat flux. This happens because the injection of mass reduces the

temperature gradient of the wall, thereby reducing the convective heat

flux.
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APPENDIX A

RADIATIVE PROPERTIES OF METALS, ALLOYS, CERAMICS, ABLATION CHARS,

SOOT CLOUDS AND PARTICLES, COMPILED FROM PUBLISHED LITERATURE

NOTE: Figure captions are taken from original papers. Reference
numbers and equation numbers in figures refer to those
in the original papers.
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SPECTRAL EMITTANCE OF STAINLESS STEEL, PLATINUM, INCONEL

(Data from Ref. 14)
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REFLECTANCE OF BERYLLIUM, STEEL, ALUMINUM AND PLATINUM

(Data from Ref. 15)
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SPECETRAL AND TOTAL EMISSIVITY OF NICKEL, COBALT, CHROMIUM

(Data from Ref. 19)
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SPECTRAL EMISSIVITY OF SILICON CARBIDE AND SILICON 
NITRIDE

(Data from Ref. 20, 21)
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EMITTANCE OF OXIDIZED CARBON, GRAPHITE AND ZIRCONIA

(Data from Ref. 22)
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SPECTRAL AND TOTAL EMITITANCE OF PHENOLIC NYLON CHAR
(Data from Ref. 22)
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SPECTRAL AND TOTAL EMISSIVITY OF MOLYBDENUM AND NOBIUM

(Data from Ref. 24)

b

~AW 14 A ZCl

Fig. 1. The emissivities of molybdenum as

a function of temperature, a) Total hemni-
spherical emissivity; b) total normal ernis-
sivity; c) spectral emissivity for A -. 65I;
1) experiments in vacuum; 2) experiments

in argon; 3) preheating.

,o _________

£44

Dl -- -"6--i------ -

Fig. 2. The spectral emissivity of molybdenum as a func-
tion of the wavelength. 1) Measured by infrared spectrom-
eter at t -- 168 1C; measured by infrared spectrometer at
t = 1825*C; 3) measured by the photographic method; 4)

measured by the optical pyrometer.

Fig. 3. Integral emissivity of a niobium IV I
specimen (tubes with d0 ut - 6.29. d in
5.29) for studies in vacuum and argon. 1)
Studies in vacuum; 2) studies in argon (with- __,,.A
out correction for natural convection); 3) 0
studies In argon (with correction for natural
convection). - -
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SPECTRAL AND TOTAL EMISSIVITY OF TANTALUM

no00 NITNOV CT AL 041

(Data from Ref. 21)

U*QAT 4p.

Fix. 6 Spectral Emissivity of Tantalum compared to
Literature Values (MS).

b_

- (Data from Ref. 24)

1A -"S C

01

Fig. 7. The emissivities of tantalum as a
function of temperature, a) Total hemispher-
ical emissivity; b) total normal emissivity; c)
spectral emissivity for A = 0. 65 ;. 1) expe ri-
ments under vacuum; 2) experiments In argon;

3) initial heating.
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RADIATIVE PROPERTIES OF VARIOUS CERAMICS
(Data from Ref. 26, 27)
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Figure 2-9 Spectra of reflectances, transmit- Figure 2-!0 Total emittances of ceramic layers:
tances, Ind an ibsorptwne of alumina ceramic A. Aluminum, b. AluminUlf-HaStelloy 1. E. ZifCO-
layers (Calc.) Cr013 nius. d. Zirconium-Mastelloy 1, e. Silicon nit-

ride, f. Silicon carbide (01lc.) (92)
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RADIATIVE PROPERTIES OF VARIOUS CERAMICS

(Data from Ref. 27, 28)
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Figure 2-4 Reflectance spectra of white ceraaac 0.1 0 0 0

layers -Aluinum 923 90051.00
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Figure :-5 Reflectance spectra of a black ceraaic Figure 2-6 Eeissivity spectra of electricall
ceramic ---silicon nitride (9: conductive cerimics (1041
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* ABSORPTION COEFFICIENT AND EMISSIVITY OF SOOT CLOUD

(Data from Ref. 32)

0

1. VALUATED FROM SOOTII OPTICAL PROPERTIES OF
HOWARTH.

2- MEASURED BY HAMMOND
0 kX-.o56 -08
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kx% I I -1-114
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0 2 4 ________10_

WAVELENGTH A~ urn
FIG. 3 Spectral absorption coeffient or a cloud of smnall soot
particles.

FIG. 4 (Right) Emissivity or a cloud TMEAUEO

of soot particles. 70PENTSUY

COCENTRATiON - PATH LENGTH cL (k"gail
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NORMAL TRANSMISSIVITY OF ALUMINUM OXIDE

PARTICLES SUSPENDED IN CLEAR SOLVENTS

(Data from Ref. 34)
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ABSORPTION AND SCATTERING PROPERTIES OF
ALUMINUM OXIDE PARTICLES

(Data from Ref. 34)
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APPENDIX B

COMPUTER PROGRAM LISTING
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C MAIN PART OF THE PROGRAM
COMMON/ELK2/NNP1,NP2?,NFP3,NEO,NFPHKEX,KINd'ASEvKRAD1,PEIAMIAME?

1 rDPrXXtXUXDX~LDXINTGCSALFAHGSrCINF(10),PREF(I0)i
2 PR(10OhP(10),U(050),F(10,050)vR(050) ,RHO(050).OM(050)iY(050),
3 EEN(050)vAMU(050)

COMMON/BLI(3,KRP, MACH, KRINr'I(10) INEE( 10) SUMR, AK, ALMGr EETA, TAUI
1. ,TAUEVINFEELTAPTWTINF,OS,YL ,UMAX,UMINPFR, YIP,YFM, TRHW~,
2 HF(10) ,GAMA(10) ,AJI(10) ,AJE(10) ,SC(050) ,AU(050)PEU(050) ,CU(050),
3 A(10,050),I4(lOrO5O),C(10,050) ,TEMPE(050),TEMP(050) ,FP(050),
4 AMACH(050)PCP(050)

COMMON/BLK4/NHNNONNPNONN,N02,NN2,NE,IND(10),STOAKS,RTVFT,
1 AMT,EIRAGC,STNO,TAUIUQW,UOUUG'

COMMON/EILK5/KFIPINF,DIFF(50),NOPTNSKAT
COMMON/GC/GCON(050) ,AMOL.(050)
CHARACTER*16 NAME
TYPE*,'TYPE THE NAME OF THE OUTPUT FILE'
ACCEPT2O1 ,NAMF

201 FORMAT(A16)
OPEN(UNIT=1 ,FILE=NAMESTATUIS='NEW')
N = 30
NOPT =C'

10 CONTINUE
X =0.0
INTG = 0
CALL CONST
GO TO 20

15 N = N+l
TNTG = 0
XU = 0.03

K'R = KRI
210 CALL BEGIN

CALL EXTRA
AMI=O.
AME=0.
GO TO 30

25 CALL READY
40 CONTINUE

INTG=INTG+1
IF( INTG.GT.50)KR=KRI

a CALL LENGT
CALL ENTRN

r CHOICE OF FORWARD STEP
FRA=0.05
fX=FRA*FPEI/(R(1)*AMI-R(NFP3)*AME)
IF(rX.GT..S*Y(NP3))rIX=.S*Y(NP3)
X0= X U +riX

C ASSUMES FREE STREAM VELOCITY = AX + I4XX + C
c CALCULATES CHANGE IN FREE STREAM YEI.OCITY

A1= 0.0
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B1= 0.0
C1= VINF
LiGti = UGE'
IGE'= Al * XPI + EBi*XEI * XD, + Cl

EIFIX= IJGIJ+UG') * (UGLJ-UGD) *.*5*RHO(NFP3 /(XD-XU)
IF'KASE.EQ.2) GO TO 35
IF(KIN.EQ I )CALL MASS(XUPXDFAMI)
IF(KEX.EQ. 1)CALL MASS(XUFXEIAME)
CALt. UALL

35 CALL COEFF
CALL OUTPUT

C SETTING UP VELOCITIES AT A FREE BOUNDARY
IF (KEX.E* E.2) U (NP3 )=UGI'
IF(KIN.EQ.2) U( 1)=SQRT(U( I)-2.*(XE'-XU)*DPE'X/RHO( 1))
CALL SOLVE(AU,14UCUrUrNP3)

C SETTING UP VELOCITIES AT A SYMMETRY LINE
IF(KIN.NE.3) GO TO 40
U( 1)=U(2)
IF(KRAE'.EQ.0) UC 1)=.75*U(2)+.25*U(3)

40 IF(KEX.EO.3) U(NP3)=.75*U(NP2)+.25*U(NPI)
45 CONTINUE

IF(NFQ.EQ.I) GO TO 90
D0 75 J=1?NPH
DlO 50 1=2vNP2
AU( I )A(Ju I)

Soi( I )='(J, I)

D0 55 IrlvNP3
. SC(I)=F(JPI)

CALL SOLVE(AUI'UPCUPSCPNP3)
DO 60 I-lrNP3

60 F(JvX)=SC(l)
IF(KASE.EQ.2) GO TO 65

C SETTING UP WALL VALUES OF F
IF(KIN.EQ.1.AND.INDI(J).EO.2)F(JI)-((1.+DETA+GAMA(J))*F(J,)-

1 (1.+BETA-GAMA(J))*F(J,3) )*.5/GAMA(J)
IF(KEX.EO.1.AND.INDE(J).Eg.2)F(JPNP3)-((1.+BETA4GAMA(J))*

I F(JuNP2)-( I.+BETA-GAMA(J) )*F(JNP1) )*.5/GAMA(J)
C SETTING UP SYMMETRY-LINE VALUES OF F

65 IF(KIN.NE.3) GO TO 70
IF(KRAD.EQ.O)F(J,1)-.75*F(Ju2)+.2d5*F(J?3)

70 IF(KEX.EQ.3)F(JPNP3)-.75*F(JNP2)+.25*F(JN'1)
75 CONTINUE

C CALCULATION OF AUXILIARY PARAMETERS
DlO 90 I=2pNp2
TEMP(I)e(F(NHtl)-U(I)*U(I)/2.O)/CF(I)
IF(TEMP(I).LE.O.0) TEMF(I)=TINF
TFMPE(-I) - TEMP(I)

RO CONTINUF
CALL DENSTY
DO 85 1 a 2#NP2
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Ff(1'RHO(Tb*(53.3*TEMF(I)+0.5*U(I)*U(I)/32.2)/144.
Wo AM(ACH(I)=I(J)/SRT(1.4*53.3*32.2-*AE4S(TEMP(I)))
90 'Np=XIJ

XII -X fl
Fl 1=PEI+['X*(R(1)*AMI-R(Np3*AME)
IF(INTG.GT. 50 *AND'. NOFT .E0. 1) GO TO 95
130 TO 105

Vt. DO 100 I =3vNF1
IF (AIPS(DIFF(I)) .GT. 1.5) GO TO 15

100 CONTINUE
1'4E TERMINATION CONDITION

105 IF(XULT.XL) GO TO 215
(30 TO 10

110 STOP
END

SUB~ROUTINE CONST
REAL MACH
COMMON/BLK2/NN1NP,'N*3NEQN*HKEX,KINPeKASEKRA!IFEIAMIAMiE,

1 E'DXXUXDXPvXLPIXNTGPCSALFAHGSPCINF(1o),pREF(IO)t
2 PR( 10) .P( 10) ,U(050) PF(10.50) .R(050) .RHO(050) .OM(050) .Y(050).
3 rEN(050),AMU(050)

COMMON/ILK3/KRPPMACHKRINDI(I0),INDE(IO),SUMRAKPALMGIIETATAUI
I PTAUEVINFPDCELTAvTIITINQS.YLUMAX.U141wFRYIP.YEM. TRHI,
2 HF(10) 'GAMA(10),AJI( 10),AJE(I0) .SC(050)PAU(050) .DU(050) ,CU(050),
3 A( 10.050) f( 10,050) .C( 10.050) TEMPE(050) ,TEMP(050) ,PO(050).
4 AMACH(050),CP(050)

COMM0N/jeLK4/NHNNOPNNFpNONNpego,NN2,'NEJNrg(IO)PSTOPAKSRTFT,
I AMTPr'RAGCSTNO, TAUITWOUUUG'

COMMON/ILK5/KRIPINFDIrrF(50),NOPTNSKAT
COMMON/CWdALL /CbD
COtMON/SANJ/SJGMEXPSIGMAP, F'rEN.SIzE

C UNITS IS TEMP(k) **** PIt4F(LOF/IN2) ssseses
r UINITS *55*['N(LI'M/FT3) 0* AMU'LI'M/FT-SECO 00 CP(FT2/SEC2-R)

IF KR-1 INIFGPAL RADIATION ANALYSIS IS USED
c IF KFw-2 RADIATION EFFECTS ARE NEGLECTrD
C IF 96-3 OPTICAI.LY THIN ANALYSIS IS USED

WPRJ1UAS) 'INPUJT THE VALUE T1NF,*TWo,FrMACHoXL 9KRI vNSKAT,
I CW.I)SREFT *SIGMEX.SIGMAP.SIZE IPIEN'

WdltIf'1,R)'INFUT THE VALUE IE1,IFAHELKIwA,
I CWe OS.REUT *SI OME .S IGMAP. S IZFeFD['

fin



REAr(59*)TINFTUFINFMACHXLPiKRINSKATCWQSIREFTPSIGMEX,
IS IGMAPP S IZEFPPEN
WI.17E(1,*)T INF TWv PINFfMACHe XL , RIr NSKAT ,CU, OS,REFT ,SIGMEX,

ISIGMAEEPtIZE,PfIEN
KR= t4RI

TR -o3 7.O0
XU= 0.03
[INF=FJNF*144,/((53.3)*TINF)
VISC=-U.22 '67E-05)*(TINF/TR)**.76
VINF =MACH*SQRT(1.4*53.3*32.2!*TINF)
UGD 'JINF
EELTA=0.37*XU/( (VINF*DINF*XU/VISC) **.2)
INr'(1)= 1
NH= 1
AK-.*435

ALMG= .09
FR=.0i
PREF (1) =0.9
PREF(2)=0.9
PREF (3) -0.*9
FR( I)=0.7
PR(2)=0. 7
FR(3)=0.7
P(1)= 3.68*(PR(1 )/PREF(1)-1.0)*((PR(1)/PREF(1) )**(-.25))
P(2)-5.0*(PR(2d)/PREF(2d)-1.0)*((PR(2'L)/PREF(2))**(-0.25))
P(3)w5.O*(PR(3)/PREFc3)-1.0)*( (PR(3)/PREF(3))**(-0.25))
R~ETURN
END

SUIEPOUTINE BEGIN
C.

COMMON/N K2/N.NP1,NP2,NF*3NENPHNEXINPAS,KRAF,FEIAMIAME,
I DPDX.XUXD.XF',KL DXv1NTGCSALFAHGSCINF( 10) PREF( 10)'
2 PR( 10),F'(10),u(050),F( 1O,050).R4050),RHO(050) ,OM(050).V(050),

3 IDEN(050)tAflU(50)
LOMMOq/PLI3/KRFMACH.KRJNCII(1O),JNCIEAIO),-SUMRAKPALMOP4ETA.

ITAUITAIIEVINFDELTATW.TIMFOSYL ,UMAX.UMINFRYIFYEMTRtHW1d
2 U(1O),GAMA' 10).AJI(1O).AJE( 10),SC(050),AU(050),PU'050).

Y CU'050.#Af IO00o.10050CO,090.)TEMFFOi.)TF'MF(050.~

(,q
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4 F*O(050),AMACH(050),CP(O50)
COMMON/BLK4/NHvNNO1NNF*,NONNNO2,'NN2, NEINEI(10),ST0,AKSPRTvFT

IAMT IRAGCPSTNOTAUIW,QW,UGUvUG'
COMIION/ELK/KRIPINFDIFF(50),NOFTvNSKAT
COMMON/CWALL/CW
DIMENSION CINW(10)

r PROB~LEM SPECIFICATION
KRAE' = 0
KIN 1:
NEQ=4
KEX z2
KASE=2
IF(KIN.EQ. 1.OR.KEX.EQ. 1) KASEl
N PH =N EQ-i
N P1=N+ 1

N P3=N +3
C INITIAL VELOCITY PROFILE

U( 1)=O.0
U(2)=O.0
DO 10 1 =3tNP1
Y(r)=EELTA*((FLOAT(I-2))/FLOAT(N))

10 U( I)=VINF*(Y( I)/DELTA)**. 143
Y(NP3) = DELTA
U(NP3)=VINF

C CALCULATION OF SLIP VELOCITIES AND DISTANCES
EBETA=. 143
GO TO (15P20Y25) ,KIN

15 U(2)=U(3)/( 1.+2.*BETA)
Y (2)=Y (3) *PETA/( 2.*+BETA)
GO TO 35

20 U1I=U(1)*U(1)
Ul3=U( 1)*U(3)
U33=U(3)*U(3)
SG=84.*Ull-lnd.*u13+9. *U33

2~n)a( 16. *UII-4. *U13+U33)/(2. *(U(1) +U( 3) )+SORT(SQ) )

GO TO 35
25 IF(t(RAD.NE.0) GO TO 30

U(2)w(4.*U.1)-U(3))/3.
Y (*2 ) 0.
60( TO 35

10 U(2)=U(1)
Y (2)r~Y (3) /l.

'.9. GO TO (40945,50) ,IKEX
40 L'(NP2)-U(N*1)/(l1.+2.*[4ETA)

Y(NFP2)=Y(NP3)-(Y(NP3)-Y(NFI))*!ETA/(?,.+ElETA)
60f T 5

45 UI2U(NPI )*U(NPI)
UI 3=U(NF1l )*U(NF'3)
U33uU (NF,3 )*U (NF,3)
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SO=84. *U33-12. *U13+9. *U1 1
(J(NP?)=116.*U33--4.*U3+Ull)/(2.*(U(NPI)+U(NP3))+S0RT(SQ))
Y(NP2!)=Y(NP3)-(Y(NP3)-Y(NP1))*(U(NF?)+U(NPI)--2 .*U(NP3))*.5/

GO TO 55
50 U(NP2)=(4.*U(NP3)-U(NP1) )/3

Y(NP2)=Y(NP3)
55 CONTINUE

C INITIAL PROFILES OF OTHER DEPENDENT VARIAB'LES
CP1=5990. 0
CP2=5990.*0

F(3p 1 )=CW
F(2wNP3)=1 .0
F(3vNF3)=O.0
TEIIP(NP3)= TINF
HCU = 0.0
HCG = 0.0
HGS=CPI*TINF
HLJ= (CPI*F(2. 1)+CFP2*F(3 1) )*TWt
HG=HGS+0. 5*VINF*VINF
F(NH,1 )=HW
F(NHPNP3) = HG
D0 60 1=31NP1
F (NH I) = HU+ (HG-HW ) *( Y(I) /EELTA )**#*143
F(39I)=Ckl*(1.0-U(I)/VINF)
F(291)=1.0-F(3vl)

60 CONTINUE
C CALCULATION OF CORRESPONDING SLIP VALUES

DiO 100 J=19NPH
GAMA(,t)=. 143
GO TO (65v70v75)vKIN

65 F(J,2)=F(J,1 )+(F(J,3)-F(J 1) )*( I.+IBETA-GAMA(J) )/( 1.+E4ETA+
1 GAMA(J))

GO TO 80
70 G=(U(2)+U(3)-8.*U(1) )/(5.*(U(2)+U(3))+B.*U(1))

GF=(1.-PREF(J))/(1.+PREF(J))
GF=(G+GF)/(1 .+G*GF)
F(Jt2)=F(J?3)*GF+(1.-GF)*F(Jpl)
GO TO 80

75 F(J#2)=F(Jil)

so GO TO (85v90,95)vKEX
a5 F(JNP2)=F(JNP3)+(F(JNF1)-F(JNF3))*(.+ETA-GAMA(J))/(1 .+

I FETA-SAMA(J))
GO TO 100

90 G=(U(NP2)+U(NPI )-B.*U(NP3) )/(5.*(U(NFP2)+U(NPI) )+8.*U(NP3))
GF=(1. PREF(J))/(1,+PREF(J))
GF= (G+GF) /(1 *+G*GF)
F(JNF2)=F(JNPI)*GF+(1.-GF)*F(JNP3)
GO TO 100

9", F(JN'.)=(4.*F(JPNP3)-F(J.NF ) )/3.
100 CONTINUE'

RETURN
E ND
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SIJIRUTINE READIY
('(MM0N/Pt-K2/N NP ' rNP2 9 N P3, NE0,NFHPKEXP KIN v ASE i KRADV PEI v AMI v AME 9

I [tPriXYXtIYXLe,XF.,XL ,['X, INTGYCSALFAPHGS'CINF( 10) PFREF(10),
I ? PR(10),F*IO) ,t(05) .!F(10,O50)iR(050) 'RHO(050) ,OM(050),Y(0OlJ),
3 EEN(050)9AMLI(050)

COMMON/cLtK3/KRF'MACH,KRINI(I0),INDE(I0)PSUMRANALMG,E4ETATAUI
I YTAUEVINF, LELTATW,TINFGSvYLUMAXiUMIN,FR,YIP, YEM, TR,HWP
2 HF(10) ,GAMA( 10) ,AJI (10) ,AJE( 10) ,SC(050) 'AU(050) vBU(050) iCU(050),
3 A(10,050),Ei(10050) ,C(10q050) ,TEMPE(050)PTEMP(050) ,PO(050),

4 AMACH(050)PCP(050)
CQMMON/E'LIK4/NHNN,NNFPNONNN02,NN2,NEINI'(10),STQAKS,RT,FT,

I AMTDRAGCPSTNOTAuIWQWUIGUUGrI
CALL RAE'(XU,R(1)YCSALFA)

C Y NEAR THE I BOUNDARY
(30 TO (10,15r:'0) YKIN

GO0 To0 25
15 Y(2)=1. *OM(3)/( (3.*RHO(2)+RHO(3) )*(U(2)+U(3)+4.*U( 1)))

(30 TO 25
20 Y(2)=.5*OM(3)/(RHO(1)*U(1))
25Y(3)=Y(2l)+-.25*OM(3')*(1./(RHO(3)*U(3) )+2:./(RHO(3)*U(3)+RHO(2)*
1 U(2)))

C Y S FOR INTERMEDIATE GRIDl POINTS

DO 30 1=4pNPI
30 Y(I)=Y(I-1)+.5*(OM(I).-OM(I-1))*(1./(RHO(I)*U(I) )+1./(RHO(I-1)*

I U(1-1)))
C Y NEAR THE E B4OUND'ARY

Y(NP'2)=Y(NFPI)+.25*(OM(NP2)-OM(NP1))*(1./(RHO(NP1)*U(NP1))+2./
1 (RHO(NP1)*U(t.WI)4RHO(NP2)*U(NP2)))

* GO0 TO (35u'40,45),KEX
35 Y(NP3)=Y(NF*2)+(1.+!4ETA)*(OM(NF2)-OM(NPI))*4./( (RHO(Npl)+3.*

1 RHO(NF'2) )*(U(NPl )+U(NP2)))
GO TO 50

40 Y'NP3)=Y(NP2)+12.*(OM(NFP2)-OM(NPI) )/( (RHO(NP1)+3.*RHO(NP2) )*(
1 U(NP2)+U(NP1)+4.*U(NP3)))

GO TO 50
415 Y(NP3)=Y(NP2)+.5*(OM(NF'2)-OM(NF1) )/(RHO(NP3)*U(NF'3))
50 IF(CSALFA.EO.0..OR.KRAD.EQ.0) GO TO 60

riO S5 1=29NP3
55 Y (1)=2.**Y( I) *FEI / (R(1) +SQRT ( R(1)*R (1)+2 **Y (I) *FE I*CSALFA))

GO TO 70
60 DOr 65 In-,NF*3

AS Y (I)=F'E I*Y (1 /R (1)
70 Y( ,)-2. *Y( 2)-Y(3)

C CALICULATION OF THE RArIIi
ro r 7,5 1 = 1,INFP3

Jr (tRA'.NE.0) R(I)=R(1)+Y(1 )*CSALFA
7'. CONT I NIE

RVI T a F-N
E IND
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'3tlftITINE EiENSTY
CO*(IMMON/FLK2/NNPI ,NP2,NF3,NEQNFPHKEXKINKASEKRAF'EI ,AMI CAMEr

I E'PFIXXUXEaXFPXL.,E'XINTGCSALFAPHGSvCINF( 10) ,PREF( 10),
2 PR(1O)P(10') U(O90),F(10,050),R(050)vRHO(050)POM(050) 'Y(O",O',
3 EEN(050)YAMU(050)

COMMON/E'LK3/KRPMACHKRINDII),INE'E(10),SUMRAKPALMGEBETATAUI
1 rTAUEVINFrEETATWTINFOS, YLPUMAXPUMINPFRYIFYEM, TR,'HWr
2 HF(10),GAMA(10),AJI(10),AJE(10),SC(050),AU(050)PEU(OS0)hCU(050O),
3 A(10,050),Et(10,050) ,C(1O,050),TEMPE(050)vTEMP(O50),PO(0o'J).
4 AMACH(050)iCP(050)

COtMON/BLK4/NHNNONNPNONNN02,NN29NEINF,(I0),STOAKSRTFT,
1 AMTERAGCSTNOTAUIWQWUGUUGEI

[P0 115 I=1'NF3
RHO( I)= DEN I )*(TR/TEMP( I))

115 CONTINUE
RETURN

SUBROUTINE RAE'(XpR1 vCSALFA)
C APPLICABLE TO PLANE FLOWS

CSALFA = 1.0
Rl 1.0
RETURN
ENED
FUNCTION VISCO(I)
COMMON/BLt(2/NNP1,NP2,YNP3,NEONPHKEXKINIKASEKRA,FElAMIAMEi

1 EPDXvXUX'XPXLDPINTGCSALFAtHGSCINF(1O) ,PREF(10),
2 PR(10)P(10),U(050),F(IOY050),R(05o),RHO(O.'O),oM(05o),Y(oso),

3 EEN(050)YAMU(050)
COMMON/BLK3/KRFP, MACHPKRINE'I( 10) pIN'E( 10) SUMRP AKALMO, BETA, TAUI

1 ,TAUEVINF, DELTAPTWiTINF,0SYL PUMAXiUMINPFRPYIFtYEMi, TRHU,
2 HF(10),GAMA(10),AJI(10),AJE(IO)SC(50)AU(O50) BU(05O),CU(050),
3 A( 10P050) E'( 10050) ,C(10OOS) ,TEMPE(05O) ,TEMF(050) ,PO(050).
4 AMACH(050),CP(05O)

COMMON/BLK4/NHNNONNPNONNN02,tNN2NEINI(1O),STOAKSRTFT,
1 AMY, DRAGCSTNOTAUIWQWUGJUG,

VISCO=AMU(I)*(TEMP(I )/TR)**.76
RETURN
ENDL
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SUBROUTINE [-ENGI
COMMflN/t4LK"/N, NP 1,9NP2 PN*3 NE, NHv EX9%KIN v ASE P KRA P PPEI -AM 1 9AMC

1 PX1 X~ix, XPJx, XfXL rIX IN TG, CSA_FAvHS,C INF ( 10 ) #*RFEF ( 10 ).
2 ~? ),1'1) 05)' , .50 00 RHO (070)vOM (050)vY (050l

3IFN(050)vAMU(0'r0)

COrMMONP1 3/KRF,MA('Hvt\R, INIII (10) v N[' ( 10 ) SIMRAK ALMGvETA.TAI'
I TAUE-VINF ,triTA-T-IINF.()s,YL ,UHAX,UMINFRtYIF,,YEMTR#HW-
2Hr-( 101 6A~i~f 10 1,AJIP(10 )-AjF ( 10 ). SC (050 )PAU( 050 ) v U( 050 ) CU( 0 0,
3 I(0,0'J0),EF(10,0'50),C(10,O50),TEMFfE(050) ,TEMF'(050),050

4 AMACHf050)vCP(050)
comflN/41I\4/NHNNONNF',NO.NNN02.NN9NE,NI(10),STOA\S,F'TFT.

1 AlIT, R'AGCSTNO, TAUIU~W.U-(GUUGI
C SFARI'H FOR MAXIMUIM AND' MINIMUM VEI-OCITITES

t0 UMAX=U(I )
IMIN=U(I)
DO0 15 J=39NPI
IF(J.E0.NF*2' 6O TO 15
IF(U(J).GT.UMAX) UMAX=IJ'J)
IF(U( J).LT.UMIN) UMIN=U(J)

15 CONTINUE
r'F=ARS(UMAX-UMIN ) SF

F' SFARCH FOR THE I BOUNDARY
IF(tIN.NE.2) GO TO 35

* IF(U21.LT.['IF) GO TO 20
YIFP=SPRT([uIF/U21l)*(Y(2)+Y(3))*.5
6O TO 40

20-

LJX=Ui ))-U( 1)
IF(AFPS(LIJ1).GE.['IF) GO TO 30
SO TO 25

30 A1=1.

GO TO 40
*35 YIP=0.

r SEARCH NEAR THE E BOUNDARY
40 IF(tKEX.NE.2) GO TO 60

UIz=AES( .58 (U( NP 1) U( NF21)-U( NF3)1
TF(U21.LT.EIIF) GO TO 4a5

45 J vNP~
50 JzJ-j

(IJ1 =U( J 11 -11t3 11~
IF AI4S(U 11)A .G( .IfIF GO TO fp!
GO TO 610

IF (0-ji . L T .0. )At 1.
Y M' V C.'.4 J'-V( 4 U 1~* I (TIr ' UI 01 *

GO TO 65
ONO VFey (N V9

YI n ~fq- vyi<
A F T U& N

'4



FL'FPROUTINE MASS(XUtXI'.AM)
CAFrFL TCAPLE TO POROUS WALLt

AM =-0.0
RETURN
Ftd'

SUE'ROUTINE ENTRN
COIMMON/BL .2 /NNF1,NF'2,NP3,NE~o,NFHKEXKINKASEKRA',FEIPAMIAME,

2 FR 1O),F(10),U(050) ,F(10,O50)'R(05)iRHO(050),OM(050) PY(050),
3 [EN(O50)PAMU(O'50)

COMMON/pLK3/,RFMACHKRINII(10),INEE(10)SUMRAKALMGBETAPTAUI
I ,TAUEVINFLIELTA#TWTINF,QSTYLUMAXLUMINFRYIPYEi, TRFHWP
2HF( 10) ,GAMA(10),AJI(I0),AJE(1O),SC(050) ,AU(050)h8U(050)PCU(050),

3 A~ lOrOS'O) ,j4( 10,050) C( 10,050) PTEMPE(050) ,TEMP(050) PO(O50),
4 AMACH(050)vCF*(050)

COMMON/PLK4/NHNNONNP,NONNN02,NN,'NEIN'(10) ,STOAKSRTFT,
I AMT , ERAGCPSTNO ,TAUIW ,OW, UGUPUGE'

C THAS SUPROL'INE USES THE MIXING-LENGT HYPOTHESIS,
GO TO (70v75r80),KIN
GO 6 TO 8 5

75i AMI=8. *RHO( I)*( (ALMG*YL)/(Y(2)+Y(3) ))**2*ABS(U(2)+U(3)-2.*U( 1))
GO TO 85

g0 A MI =O0
PI-1 GO TO (90,959100)vKEX
90 RETURN
95- AMFl=-8.*RHO(NF,3)*( (ALMG*YL)/(Y(NP1 )+Y(NP2)-2.*Y(NP3) ))**2 *A8S(

I U(NP1 )+U(NP2)-2.*U(NP3))
RETURN

100 AME=0.
R E TURZN
E N r,

SUF'FOUTINE WALL
COMMON/PLK/NNF1N2N3N,NPHEXi,KNPASERAEPEAMIAME.

I [F'XXU#X,XFPXL ,XINTGPCSAt-FAHGS,CINF(10) ,PREF(10)v
7 FPR( 10.F,( Io),U(050),F(I0,050),R(050),RHO(050),OM(050),Y(OSO)l
.3 [EW(0'5r0)vAMU(O5j0)
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COMMON/FLtK3/KRFPMACHKR~YNriIO),INrE(10),SUMAKALMGo.FETA,TAUI
I ,TAIJEVINF,[FIETA,TUTINFOSYI,UMAXUMINFRYIPPREM, TRI4W.
2 HF(j0'),GAMA(10),AjI1(10),AJE(I0),SC(0S0),AU(O50),F4U(050,,CU(050).
3 A(10,050),EUIO.050),C(1O.O5JO) ,TEMPE(050),TEMP(05o) PPO.O50).
4 AMACH(00',,CF'050)

CI)MMON/PLK4/NHNNONNFPNONNNO2,NN2,NEINIO),STOAKSR,FT.
I AMi * [RAGC STNO *TAUIW, OW, UGU , UGII

C CALCULATION OF R ETA FOR THE I B4OUNDIARY
IF(I\EX.NE-l) GO TO 25

10 YI=Y(NF,3)-.5*(Y(NPl)+Y(NF2))
UI=.5*(LI(NP2)+U(NPl))
RH=.25*(3.*RHD(NF'2)+RHO(NF1))
RE=RH* UI *Y I /VI SCO(N P3)
FPrFrriX*YI,.RH*uJI*ulI
AM=AME/(PH*UlI)
CALL. Wl.(REvFPrAMpS)
BEI'A=SORT(AEBS(S+FP+AM) )/AK'
I'AU E=S *RH * U I* U
IF(NEQ.EQ.1) GO TO 20

C CALCULATION OF GAMA S FOR THE E BOUNDARY
110 15 J=IPNPH
CALL WF2I(REFFPAMPR(J) ,PREF(J) ,P(J) ,SF)
GAMA(J)=(SF+AM)*PREF(J)/(AK*AK*BETA)
IF(INrE(J).EQ.1)AJE(J)=SF*RH*UI*(F(JNP2)+F(JNPl)-2.*F(JNF'3))*

1 .5
15 CONTINUE

20 IF(K IN.NF.1.)RETJRN
C CALCULATION OF BETA FOR THE I BOUNDARY

25 YI=.5*(.Y(2)-Y(3S))
U1=.5*(U(21)+U(3))
RH=.25*(3.*RHO(2)+RHO(3))
RE=RH*UI*YI/YISCO(l)
FP=EP~iX*YI/(RH*UI*UI)
AM=AMI/(RH*UI)
CALL WFI(REvFPYAMS)
ETA=-S0RT (APS (S+FP+AM) )/At(
TAUI=S*RH*UI*UI
TALUIW = TAUI/32.2
L'RAGC = (TAUI/(RHO(NP3)*U(NP3)*U(NF3)))*2.
IF(NE0.EO.1) RETURN

'CALCULATION OF GAMA S FOR THE I BOUNDARY
DiO 35 J=IPNPH

30 CALL WF2 (REPFPAMPR(J).PREF(J),P(J),SF)
HI= .5*(F(NHP,2)+F(NHP3))
PHI - (UI*UI/(2.O*'(HI-F(NH,2)) ))*( (1 .- FREF(NH) )*SF*FREF(NH)/

I (Atl*AIKIBE TA) -2.*0*E4ETA* (1 * -PREF (NH)))
IF(J.EO. 1) STNO=SF*(RH*UI/(RHO(NP3)*U(NF*3)))
GAMA(J)(SF+AM*PREF(J)/(AK*AK*BETA)-PHI
IF( INE 1(J).*EO.1) AJI ( J )SF*RH*U * (2 **F (J,1)-F (J ,2)-F (J, 3)) *.*5
C* ONTINUF

Tk" 0.015
10 T YOs (0.5* (TEMP( 3) +TW) /TR )**0.*76
()Wj Tlk*( TUMf'3)-TW)/(Y(3)*3600, )

76;



P16udJi 011 W1 AS M~*Pq(

I *T AS 10 1 4 NI 111r . I W T I NO , Oc~ * * i A v I - v- I 1 * -

2 14 I I * AMA fI ) p A jt I 0 *A !I f I0 ' % f )' ') , . I t .;( .II p,~ *

4 AMAf 14 ( , . ( I '

I JMM (0 4 f 11 4 / NH4NN . NNI *NO .NN NOJ.'NN. ftI NII ' IAt *~

AMY I It& AGC * S TNWO T AllI W~ (JW I I GO 17 F I

') Ah'' A K (40,

RT Tk OA I~

I F IF . f0. 0. 6 (0( T 0
F T F /At f,

FM-I .- 4.*F TS&T *8.SS2 S.

I F FM . 17. 0. )F M r0
Sr=ST*FM**.e a

* GO TO 20
U~j IF(AM.FG.0.1 G0 TO 20

* AMT-AM.'A S
AMM-1.-AM/(.74*RTS**-1.1).956S.T~sO 2
ST=ST*AMM**4

20 S=ST*A1KS
RETURN
E NDI

SUB4ROUT INE WF2( RPF AMP PR, PRTvF uS)
COMMON/EBLK3/IKRFPMACHPtKRINDII(1O),1IIE(I0),SUMR,AKALMG,FIETA.TAUI

1 ,TAUEtVINFPrELTATWTINFPOSPYLPUMAXPUpqINFRPY[F, YEMe TP.94~,
2 NF(10),OAMA(10),AJI(IO),AJE(1O),SC(050),AU(050)P4U(O'O).CU(050)9
3 A(1OO5O),Ee(l0,O50),C(1OO5O),TEMF'E(05O),TEMF'(O5O) PO(00)u
4 AMACH(050)PCF*(050)

COMMON/F4LK4/NHNNONNFFNONNN02,N2,NE,INIg(IO),STOAISRT,FT,
1 AMTuERAGCISTNOTAUIWOWPUGU ,UG['

ST1=STO/(1.O+F**SORT(STOs)
IF(F.EQ.0.O)GO TO 10
SSEP=1.7?25*PT**(-.3333)*(F'+6.8)**(-1.165i)
FrI=.25*FT*RT/(1.+.o625*RT)
ST1=ST1*( 1.O-FE')+FE'*SSEF,

10 ST=STI*PRT

S=ST*AKS
RETURN
ENDr
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04'I .. to I , ms . No 11 04 N 0 #I N 1 .04001v.I I N 1 I , A SI v P IIIr A I A I IP AMI t
'4 . P *p *I * I . 1 T' 1, . 'AI A H 6Ir 1 I NI I 10 ) * k I 1 0 1 .

- , 4 ' n IU( *o o 'F 50 *I III0 rq 0 0 o , om ( o0 , o 0 0
!,f ' ' *AI 01,)

1#M~4 14 III j 11 1 .I MWC 11 W NIt I A I HillI I0 I' SUMIl 9 AO .A( MG~ , lot TAP T AII
y At V4It V y I .lWft T A. T W I IMF .0') * i (h)MAX .UJMINP 6% * VII, VIMP Tf 0 HUW#

*4 (rAA*I ) A )Ii I 09*A if 10) )C 4 050 .AUI ' o 5 0 140. 050 )P u (050)
C. PIi 1 oi toi V.01,0). 10 0s 9,40 T MfIE( r5 0Tf ! 0 PIO (O0a'0

4 AF9A440"1( *() 0)

A in , to*A (, ( . S 'NP T AUJI W(0uWr U 1J v*61

4 M Oft /to L F- *, 'II 1. IN"I It 11 F COS 00) NOI T NSKATI
I I ftf N' (it YN III r0,0 , T tit I 00 I
1IW NG NIF .1 190 TO 20

Wf I II IMF v TA. II NE , NI I

Wi. III I. S) T INF *T W.MACN ,NRA[4.NINo,NEO.PEX VN. NOS NW# 'R(1)o

19 fPIMAY'1//E,74T1NF- a 6.I/1Xv5HTW v F6.1/IXo
I 094MACH NO2 4.1/Xv7HRAI' a I2/1X*6HKIN w 1211X

bH1NEO - 12/1X,6HKEX a 1211Xv44NW I3/1Xe6HHGS vE13.4/1
X I, SNMW r f13. 4/ I X PI3HRAI1 TIL NO F 4. I/ I X97HV INF - I1 .4/1X.

4 894['ELIA - E13.4#/IY.FPINF - 'vE13.4#/1Xv.NR - '12)
.10 CONTINUE

I F I P.NWE. GO TO 25
IF'ft OAT INTO-I )/50..NE .FLOAT( (INTG-I )/50)) RETURN
CONTINUE
V ISC a( 1 .226 7E -05 iS ( T I NIF/TR ) 0 S 76
IIINF -IINFI44.* (53. 3*T INF)
k[NX-VJN4F*DINF*Xu/VISC
DiO 30 I-2oNP?
YVI'i () 'vY ( I) / YV ( NP 3

30 T[lL (I )wTEMF( I)/TINF
IF (Kk.EO. 2) SUMR-0.0

C IF(Kk.FQ.1) CALL RADWAL
WRITE (6. 35) KUvRENX#AME#SUMk
WkITE (1 35)XUtRENXpAMErSUMR

3 . FIIkMATv7H1 XU w 2FE1I.2v4H FT91OX99H REPX =IPE9,2v
I 4X,' AME= '.2PE13.4P5Xv' OR 'IIr2r-PE13.4v 'ETU/(SO)-FT SEC) '

WRJTE(6,40)[IRAGCpSTNOqTAUIWr0W
WPITF(I1.40 )DCRAGC, STNO. TAU 1W, W

A'91 FOERMAT(IOH r'RAGC - 2EPE13.4910H STNO = 2FE13.4#1lH TALIIW=
I 2F'EI3.4p9HL'F/SO-FT,8I4 OW = 2*E13.4vI5HE4TU/(SO-FT SEC))

OT=-SUMR4OW
ORDW=-S;UMR/OW
WRITE(69*) 'THE VALUE'
WRITE' 1.*)'THE VALUE'
WRITEC6959)OTPQROW
WRITE(1t 59)OTiORQW

59 roRMAT(7H OT a 2PE13.4?l5HEITU/(SO-FTvSEC)P
ION4 OROW = 2PE13.4)

IF(NOF*T.EG.l) GO TO 45
GO TO 75
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4,j 1,0 50 1=' NF'2
,0 ['IIFF(1 )-(( TEMF'(1+1 )-TEMF*(I) )/TEMP(I) )*l0.O

WP.I TE(6#*55)

F; OkMfATJIHO,8X,1NYlIX9lHU, IXIHH, l1XFlHTPllX,2HF'O. OXlHM,
I lOX. 3HVPHO,8X, 4HDIFF/)

W<I TE (6960)
WRITE( 1960)

60 FORMAT(6X,4H(FT) i7XP5H(FT/SEC) ,4X, 1OH(FT2/SEC2I) ,4X,7H(rEG-R) ,4X?
I 9H(LPtF/1N2),14X,9H(LIM/FT3) ,6X,914(PERCENT)/)

WRITE(6p65)Y(NF'3),U(NF3)vF(IPNP3)
WRITF( 1965iY(NF3),U(NF'3),F(1,NP3)

AN, FORMAT(lH 1F8E12s3)
DO 70 JI=2#NP2
j2', NP2-Jl+2
WRITE( 6,65)Y(.12 ) U( J2)PF(11, J2) oTEMPJ2),

1 POE J2') AMACH(J2) vRHO(J2) ,F(2.'J2) ,F(3srJ2)
bWRITE(l,65)Y(J2)vU(J2),F(1,J2),TEMP(J2),

I PO(J2) tAMACH(J2) tRHO(J2) 9F(2 9 J2) ,F(3.J2)
70 CONTINUE

WRITE(6v65)Y( 1) U( 1) F( 1,1)
WRITE( l.65)Y( 1) U( 1) F(l~l )
GO TO 100

!F, RITE( 1,80)

8l0 FORMAT(lHO,8X, 1HYvll1XPlHU9lix1HH, lIX, HTu11X,2HPOP 1OX#1HM,
I 10Xp3HRHO,10X,7HY/DELTAvl0Xu6HT/TINF/)

URITE( 6r85)
WRITE( 1 85)

85 FORMAT(6X,4H(FT) v7X,8H(FT/SEC) ,4X, 1OH'FT2/SEC2) ,4X,7H(DEG-R) v4X,
I 9H(LBF/1N2) 9l4Xt9H(LBM/FT3)/)

IRITE(6990)Y(NF3),U(NP3),F(lNP3)
WRITE(l,90)Y(NF3)vU(NP3),F(1,NP3)

90 FORMAT(1H IP9EI1.3)
['0 95 Jl=29NP2l
J 2 =N P2-J 1 +2
WRITE(6,90,Y(J2)vU(J2),F(1,J2),TEMP(J2)

I POJ2' .AtACHI(J2)iRHO(J2) ,YDL(J2) ,TDL(J2)
bRITEC1,90)Y(J2),UCJ2),F(1,J2d),TEMP(J2)

I ,PO(J2) PAMACH(' 2) RHO(J2) ,YrL(J2) ,T[L(J2)
95 CONTINUIE

WRITE(6I 90)Y( 1) U( 1) F(1, 1)

100 CONTINUE
Jr(,sR.FO.1) WRITE(6P105)
IF(IKR.E0. 1) WRITE(1,105)

105 FORMAT(6XP'RAE'IATION EFFECTS INCLUDED - INTEGRAL')
* IF(KR.EOo2) WRITE(6v110)

IF(KR.EO.2) I'IFITE(19 110)
110 FORMAt(6X,12HNO RADIATION)

IF(KR.EQ.3) URITE(6, 115)
IF(KR.EQ. 3) WRITE( 1,115)

115 FORMAT(6XP'RADiIATION EFFECTS INCLUDED' -OPTICALLY THIN')
RETURN
END 
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StJPROUTINE COEFF

I IF'IXXUXD,XFXLEX,INTGCSALFAHGSCINF(1O),PR<EF(10),
2 FPR(10),P(10),tJ(050),F(10,050),R(050),RHO(050),-OM(050) ,Y(050)),

rEN(050)PAMU(o50)

COMMON/BLt(3/KRPMACHtKR,INI1(1O),IN'E(10),SUMRtA(,ALMG,4ETATAUI
ITAUEVINFvrELTATW,TINF,QSPYLUMAX,UMIN,FR,YIF .YEM,TkHW,

2 HF( 10) ,GAMA( 10) AJI (10) AJE(10) ,SC(05Q) .AU(050) PBU(050) ,CU(O50)v
3 A(10,050hBP(I0,050) C(lO,0J0),TEMF*E(0O) ,TEMP(050).PO(050),
4 AMACH(OS0)hCF(050)

COMMON/P1K4/NH,NNO,NNP,NO,NNN02,NN2pNEvIN'(10)tSTOAKS,RTFT,
IAMT,EIRAGC,STNOv TAUIW,Qt.,UGUtUG'
[IMENSION Gl1(200),G2(200),G3(200O),D(lo0,200) ,S1(20o),S2(200),

1S3(200)
IF(KR.E0.1) CALL RADPRM

C CALCULATION OF SMALL C S
DO0 10 I=29NP1
RA=.5*fR(I+1)+R(I))
RH=.S*%RHO(1+1)+RH0(I))
UM=.5*(U(141)+U(I))
CALL VEFF(IuI+1,EMU)

10 SC(I)=RA*RA*RH*UM*EMU/(PEI*PEI)
c THE CONVESSION TERM-

SA=R( 1)*AtlI/PEI
SB=(R(NP3)*AME-R(1 )*AMI)/PEI

ro 25 I=3,NP1
OMEI=OM( 1+1 )-OM( I-i)

F = (OM ( + 1) -OM (I)) *P3
F3=' 0h(T )-OM( 1-1) )*P3
P2=3.*2

R2=-SB*.25
R3=R2/OME'
FI=-(OM( 1+1 )+3. *OM( I) )*R3
R3=(OM(r-1)+3.*OM(I))*R3
GI (I )=P1+Q+Rl
G2(1)=P2+R2
(33(1I)=P3-Q+R3
CU(I)=-P1*U(I+1)-P2*U(I)-P3*U(I-1 )

C THE DIFFUSION TERM
AI( I )=2. /OM[I
F'U( 1 =SC( I-i)*AU( I) /(OM( I) -OM(I-I))
AU(I)=SC(I)*AU(I)/(OM(I+1)-OM(I))
IF(NEO.EQ.1) 6O TO 20
DO 15 J=19NPH
C(.,I)-P*F(J,+1)-2*F(JfI)-P3*F(J,11l)
CALL SOURCE(J,IlCSYtI(JtI))
C ( I I) -C (, I)+CS-F ( JI) *1 ( JvI)
A(Jp I)=AU( I)/FREF(J)
F4(J. I )FPJ( I)/PREF(.f)

15 CONTINIIF
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c SOURCE TE~RM FOle VELOCITY EQUATION
:) SI ( I )=DF*Dx*rox

SI~~ ( S )=P1I ( I )/RHO( 11)*U( ))

S2(I )zS2( I)/U( I)
S3( I)-S3(1I)/U( I-1)

'15 CONTINUE
C CflEFFICIENTS IN THE FINAL FORM

DtO 30 Iv3,N'I

RUI 1.(G2( I )*A( I)*GU( I)-S2RI)

3C, CU(fl=CUflS*RL
IV(NEO.EO.1) GO TO 40
1'0 35 J1,pNPH
DO0 35 1=39NPI
RL1l./(G2(1)+A(Jtl)+i(JI)-D(J, I))
ACJPI)=(A(JtI)-Gl(1) )*RL
E(Jvl)w(14(JJ)-G3(l) )*RL
C(JvlI)uC(JtlI)*RL

35 CONTINUE
40 CALL SLIP

RETURN
ENKI

SUB'ROUTINE YEFF(IPIPIPEMU)
COMM0N/[4LK2/NNP1,NP2,NP3,NEONPHKEXKINKASEIKRADPEItAMIPAME,

I DPDXXUXDXPPXLt'XINTGCSALFAHGSCI4F( 10) PREF( 10),
2 PR(10),FIIO),U(050),F(l0,050)R(05)RHO(050) ,OM(050)'Y(050) 9 ,
3 [EN(050),AMU(050)

COMMON/['LK3/KRPPMACH KR, IN'I( 10) INDE( 10) ,SUMR, AK ,ALMO, EETAPTAUI
I vTAUEVINFDELTA, TbTINFOS. YLvUMAXPUMINPFRYIPv YEM, TRHW
2 HF(10) vGAMA(10),AJI(10),AJE(10),SC(050) ,AU(050),PU(050),CU(050),
3 A(10,050),[4(10,050),C(10,050),TEMF'E(050) .TEMFIO50),PO(050)'
4 AMACH(050)9CP(050)

COMMON/I'LK4/NHNN0,NNPNONNN02,NN2,NE, IND( 10) STOAKStRTFT?
1 AMT'[IRAGCSTNO, TAUIWv0UPUGUPUGD

C THIS SU['ROUTINE USES THE MIXING-LENGT HYPOTHESIS
At-=ALMG*Yt-
YM= ( Y(I) +Y ( IF)) *.5
1Ff YM.*LT.*AI./AK~) AL=At(*YM

10 EMU=.5*(RHO I )4RHO( IP) )*AL*AL*AIS( (U( I)-U( IPI ))/(Y(lI)-Y( W*I))
RETURN
ENDI
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P -r'wl VVAT TON OfI TA6NAT ION FMTNAt VY
cI c3l! ~N ti',( rnw" TFrwT U41 is

T$llt [IllI' F nr~( T Of I W I T H - IcS NI GLUCTi I,
1I MM1004 Iei 1, 1 I t F 1 0 1 S ,AS. IS * T[ FA (050)qk HOA 4050) * IA(0 50' 91 P.1 10,0

1 21' 1 0 * A 1 AU''1 0r,0 ) - I A113 4 0'00 ) v K' I'050)I* 7K 34 ' 0I
LVOMMElk 141 K.'/N-NfI t NF ,@Nf JPNIQ.Pfl H.#IE.X 1P,,M9AS1 *lAI. lF ( I *AMI AM

I Ior - ii 'I. , rN.E , xi , IYvtmG. C-SAI F A PNS,C IMF( 10) 1rr 9U Ft10 1,
Fd (~ (1 0 ) 9 f ( 1O) 9 (14 05) f ( (10. (150 , F 4 050) RHO ( 050) *o" ( 0!0) y 050

I v TAU[ vINF 9 F TA# TUP IMF #0Sv YL UMAX#UMIN.Fkt Y IV YrM# TP mw .
? H 4 10 ) v (AMA I 10) # A.11 1410 ) # AJF ( 10 ) vSC ( 050 ) ,AL Ok(050I) 9 14U 405r") 9 CU 4050)
3 A( 10 1,0 50 ) 9 u It 0.05 0 ) U( 10 v0 5 0)IE MFIF 0 5 0 ),T FM F(0 1,0.PJo (01o)
4 AMAH( 050 . CF 1'050 )

CflmmnN/ pt 4/NO4 NNOvNMP vNO v 1 p M2 INM2, ME 9 M11110)ST09 AKSSRT F 7
I AMIT s lko(Gr, S TMO. TAU I WoOW v UU rr

f'lmmIsjfnm kcS4 200)
14F N0. 0 ,',
Ir J .ME .I FO TO -20

IF F90OH , TO 15

11 (KR.FO. 1 CALL RA['COM( I)
I-AS#C'l

1,10 TO 2 5

7t) 1 15. *'kHO( I /PEN)*( TEMF'()1(10. **4. )S5.
FkCS( )2.1.714E-9Z,,,S+TEMF)*4.+TEMFNF3*4.-2*(TEMFU(

Cb?.2162*32.2*RCS(I)/(RHOUI)*UUI))+CS
2,~(&. *1. 714E-9*( 0. 0575*( TEMP( I)/( 10. **4. ) )*4. *(TEMF*(I) *4.4

I TEMF,(NF'3)**4.-2.*(TEMF'U)*4.))/EN-.*(Z'/RHO(I))*TEMP(I)**3. )/
( (CP ( I ) *U ( I)) )* .216 2 *32. 2

IF(I.EQ.NFI) GO TO 30
GO TO 25

20 CONTINUE

cISo 00

25 CONTINUE

30 CONTINUF

ZNNFt=-115.*RHON)P3)EN)*(TEMF)(NF3/u.)**5.f*5

CI z2 .*1 .74E-9*ZK I*( TEMP (NP3 )**4 .- TEMF,( I) **4. )
RCNFP3=24.*1.714E-9*ZI.NP3*(TEMP(1)**4.-TEMP(NFP3)**4.)
SUM R =0.0
[DO 35 J=4pNP1
SIJMR (RCS (I) +RCS (I-i)) *(Y (I) -Y(I-I)) *.*5+SUMR

.35 CONTINUF
StMR-SUMR+ (RCS(3 ) +PC)(Y (3 )-Y ( 1))5+ (RCNF3+RCS(NF1))*Y(NF3)

I Y(Nr ) )*.5
SUMR=(OS+.5*SUMR+l.714E-9*TEMF,(1)**4.)/3600.
RETURN 82EN



;''I'k''' T I 4 't I F
I JPMM( N,,1. lot KIMP F1 I F2 NF 3 tNE OpNI My Kf X v P, IN#I'AS[ ,#Fi'Are, f' I, AMt sAM I

I PFtIl )1 vIt v I,KF. XI PX INTG , CSAt A H6S.ciFINI(10 ) ,PF i 10 1,
.' F*k4 10 ) OF'(10 ) , 1) ( A'o ) 1 0 0 . 0 k P ', 0 P kHO 06,0 *OM ( 0('!, ) y ( v
3 [t N (050 )AK ( 050o

I v TAllJ(,VINF o KL TAo TW.T INF 9S YL tUMAY PUMJNPFF-tYIFvYFM9 T k #Hid
H 4F(10IGAMA( 101.AJI(I0).A.iE(10).SC(050),AU(O50),1.U(050), VU ( 0 0

3 A'IO0.v050 ) p14( 10O.050,C ( 10 9O, ~' t fPIE(O050 ) 9T FF( 050P0 ( 050 )
4 AM'AC ( 050 ) tCF'(050 )

I OMMON/~lt, 4 /H vNNO 9NNFvNO* N NO?02.NN:! vNE 9IN11 (10 9STO AKS ,RT FT
I AMT.['1.Aff.r ;TNO,TAUIWOWIrUUG'

C SL IP COEFFICIENT7S NEAR THE I 1FOUNP'ARY FOR VELOCITY EQUATION EQUATION
fU 1) :1) vwQ.
C U 4NF F') 0.
GO TO (10vu15.2O)tKIN

10 pu(2)t-o.
APIJ( 2), . /(I .+:!. *BETA)
GO TO 30

I 5 SOr-84 *U 1 SU (1)-i 2 U( 1) *U(3) +9.**U( 3)$U (3)
PU(2)-.*2.*(1*)U(3)/(2.*U(1)+7.*U(34SORT(SO)
AU' 2)-1 .- P(11( 2
GO0 TO 30

CALL VEFF(2?3?EMU)

* AIK2--U( 1)*AII4DPDX/(RHO( 1)*U( 1))
AJ=RHOUl)*U(1)*.25*(Y(2 )4Y(3))S**2/EMU

* IF(IqRAD.EQ.O) 60 TO 25
* AU(2)z2./(2l.+AJ*AK1)

CU(2=- .5* AJ*AK2*AU(2)
GO TO 30

25 CU(2)=1 ./(2.+3.*AJ*AK1)
AU(2)=CU(2)*(2.-AJ*AKl)
CU(2Al~-CU(2)*4. *AJ*AK2

CSLIP COEFFICIENTS NEAR THE E B~OUND'ARY FOR VELOCITY EQUATION
30 60 TO (35v4O,45)rKEX
35 AU(NF2)=O.

!4U (NF2 ) 1 /(1 *+2.* SEETA)
GO TO 50

40 SQ=84.*U(NP3)*U(NP3)-12.*U(NP3)*U(NPI)+9.*U(NPI )*U(NF1I)
AIJ(NP2)=8.*(2.*U(NP3)+U(NPI)),/(2.*U(NP3)+7.*U(NPI)+SORT(SO))
fU(NP2)=1 .-AU(NP2)
-GO TO 50

45 ALI(NP2)=0.
CALL VEFF(NP1,NP2,EMU)
1K=1./DX-DOPIX/(RHO(NP3)*U(NFp3)*U(NFp3))
PK2=-t)(NP3)*IK+DPDX/(RHO(NP3)*U(NF3))
PJ=RHO(NP3)*U(NP3)*.25*(2.*Y(NP3)-Y(NF,1)-Y(NPp,))**2/EMU
CU(NF*2)=l./(2.+3.*4J*BK1)
[BU(NP2)=CU(NP2)*(2.-4J*'K1)
CU( NF'2) =-CU( NF2) *4. *BJ*EK2

so IF(NEO.EO.1)V<ETURN
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c SLIP COEFFI(IEN7Sc NEAR THE I EEOUN[.ARY FOR OTHER EQUATIONS
1W10t. Jn.NF*H

V, It NF?)=0.
3(l 10 (55jv65p70)pKIN
CALL FL4CCXtltJJN[.I(J)tOI)
IP11IN['(J).MO.) GO TO 60
AJI(J)=0l

2(t) .* 1. +2. *EETA) *FREF(J) *AJI( J)/( AK*AK*E'ETA*(l. +EETA)(.
I lETA)*(3.*RHO( 2l)+RHO(3) )*U(3))
so TO 80

60 F(Jp1)wQI
AEJ,2d)s(l.+E4ETA-GAMA(J))/(1.+[4ETA+GAMA(J))

GO TO 90

GF= (1 *-FREF (J) )/ (1 *+PREF (J))
A(J~P2)u(A(Ju2)+GF)/(1.+A(Jt2)*GF)
E(J#2)=1 .-A(JP2)
GO TO s0

70 1(JV2)0O.
CALL SOURCE(J,1,CS9E'S)
AK1=1 ./E'X-DS
AK2:-AK1*F(J, 1)-CS
AJF=AJ*PREF(J)
IF(KRAD.EQ.0) GO TO 75
A(J,26)-2./(2'.+AJF*AKl)
C (JP2) =- .5*AJF*AK2*A (J9 2)
GO TO 80

75 C(JP2)=1 ./(2.+3.*AJF*AKI)
A(JP2)=C(J#2)*(2.-AJF*AKI)
C(J,2)--C(JP2)*4.*AJF*AK2

C SLIP COEFFICIENTS NEAR THE E BOUND'ARY FOR OTHER EQUATIONS
80 GO TO (85u95,100)vKEX
85 CALL FBC(XDrJrINDE(J)rQE)

IF(INDE(J).EQ.1) GO TO 90
AJE(J)=QE
1(JPNP2)=1.
A(JPNP2)z0.
C ( JNP2) =-8 * *(1 *+2.**BETA) *PREF (J) *AJE (J) / (AK*AK*E'ETA* (1 *+EETA )*

1(1.+BETA)*(RHO(NP1)+3.*RHO(NP2) )*U(NP1))
GO TO 105

90 F(JiNP3)=QF
[(JNP2)=(1.+EETA-GAMA(J))/(l.+E'ETA+GAMA(J))
A(JvNP2)=1.-El(JtNP2)
GO TO 105

95 B(JPNP2)=(U(NF2)+U(NP1)-8.*U(NF'3) )/(5.*(U(NF*2)+U(NPI) )+8.*
IU(NP3))
GvF=(1.-PREF(J))/(l.+PREF(J))
El( JNF2) = ( P( J,NP2 )+GF ) /(1 *+E(J NF2') *GF)
A(JPNP2)=l.-E'(JPNP2)
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GO TO 105
100 A(JYNP2)=0.

CALL SOURCE(JfNP3,CSvriS)
BK1=1 ./DX-[tS
BK2=-I*F( JPNP3)-CS
BJF=BJ*PREF (J)
C(JPNP2)=1./(2.+3.*BJF*eK1)
E(JPNP2)=C(JNP2)*(2.-iJF*q(1)
C(JNFP2)=-C(JPNP2)*4.*BJFCBK2

105 CONTINUE
RETURN

SUB4ROUTINE FE4C(XPJPINE',AJFS)
COMMON/EBLK3/KRF~MACHKRPINEI(10)INDE(10),SUMRPAKtALMGBETAPTAUI

1 PTAVEVINFDELTATUTINFOSYLUMAXUMINFRYIPYEM, TRHWv
2 HF(10),GAMA(10) vAJI(10) ,AJE(10) vSC(050)?AV(050)uBU(050)vCU(050)1
3 A( 1OP050) ,B( 1'050) C( 10,050) vTEMPE(050) ,TEMP(050) uPO(050),
4 AMACH(050),CP(050)

IND=l
C H MUST HAVE UNITS FT.FT/SEC.SEC

IF (J.EQ.1) GO TO 105
GO TO 110

105 AJFS =HW
110 IF(J.EO.2) GO TO 115

GO TO 120
115 AIFS=1.0-CU
120 IF(J.EO.3)GO TO 125

GO TO 130
125 AJFS=CW
130 RETURN.

ENE,
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SUF4ROUTINE .EXFPNI(RESN,X,IER)
C THIS SUB4ROUTINE EVALUATES THE EXPONENTIAL INTEGRAL FUNCTIONS IN
c THE RADIIATION SOURCE TERMS
C TEST OF RANGE

IER=0
IF(AES(X).LE..00001) GO TO 10
GO TO 25

10 IF(X)l5p20,20
15 X=-.00001

GO TO 25
20 X=.00001
25 IF(X-4.) 30955P35
30 IF(X+4.) 65955950

C ARGUMENT IS GREATER THAN 4
35 ARG=4./X

RES=EXP(-X)*( (C(((((.00094427614*ARG-.0049362007)*ARG+
1 .011723273)*ARG-.017555779)*ARG+.020412 099) *ARG-.0221-951979)*ARG+
2.031208561)*ARG-.062498588)*ARG+.24999999)*ARG

40 IF(N.EQ.1) RETURN
NM1 =N-1
EXPX=EXP(-X)
XN11I.
110 45 N1=19NMI
RES= (EXPX-X*RES) /XN1

45 XNI=XN1+l.
RETURN

C ARGUMENT IS AB4SOLUTELY LESS OR EQUAL 4
50 IF(X)55p60,55
55 RES =-ALOG(ABS(X))-((( ((( (((((((.10317602E-11*X-.157986'5E-10)*X+

1 * 168216592E-9)*X-.21915699E-8)*X+.27635830E-7)*X-.30726221E-6)*X+
2 .30996040E-5)*X-.*28337590E-4 )*X+.*23148392E-3)*X- .0016666906 )*X+
3 .010416662)*X-.055555520)*X+.25)*X-1 .0)*X-.57721566

GO TO 40
60 RES1I.E37

(60 TO 40
C ARGUMENT IS LESS THAN -4

65 IER=1
RETURN
ENDr
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qoIppnUTINE SOLVE(AvF4,C,F,NF-3)
C THIS SOLVES EQUATIONS OF THE FORM

C FOR Il-2vNP2
[IIMINSION A(NF*3),I'(NF*3'pC(NF'3) ,F(NF'3)
N F 2 N P3- I
P[t(?) r F,( 2)*( + C ( 2
K)( 10 I=3rN*2

A(I)= A(I)*T

DO I 1 =29NP2

,J= NPF2-1+2

RETURN

END'

REAL FUNCTION EB4LT(K,UV)
REAL WY(t()

c THIS FUNCTION SUB4PROGRAM CALCULATES PLANCKS RADIATION FUNCTION
COMMON/[LK1/LSTTSAStSTEMPAcoso),RHOA(05o)YA(05)E42,(050),

1EB3(050) ,TAU2(050) ,TAU3(050) ,ZK2(050) 'Zt3(050)
COMMON/BLK3/KRP, MACH, KR, INDI(10) ,INDE(UO) SUMR, AK ALMO, [ETA, TAUl!

I TAUEPVINF, DELTATWTINFQSt YLPUMAX,UMIN,FRYIPYEM, TR,HbJt
2) HF(10),GAMA(10),AJI(10),AJE(IO) eSC(050),AU(050)P[U(050),
3 CU(050) 'A(10,050) u[(10u050) iC(10,50) tTEMFE(050) vTEMF(050)9
4 P01050),AMACH(050),CF(O50)

C1=1.187E 08
C 2=25896.0
IF (LST.EQ.0) GO TO 10
T=TEMFA (LST)
GO TO 15

10 T=TS
15 CONTINUE

ARGA=C2/(WV( 1)*T)
IF (ARGA.GT.50.) GO TO 20
14A1=C1/( (WV( 1)**5. )*(EXFP(ARGA)-l.))

RETURN
20 tNTINUF(

PAliEX=ALOG(C1)-(5.*ALOG(WV(1))+ARGA)
F'At=EXP (B!ADEX)

RETURN
END[
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I'MMON I A.CiA I 'M MLI 8' A 1 0

1111[kMAL PN

ei1) I )r.06943184FO
mil :1)-r0. 31000984E 0
mtl (3 "=0. 6999Ow52Eo
M''(4)=0.93056816[0

Al (2) =1 .53831
Al (3)v0.69461;
Al (4)-O.23156
Al (S)0.04996
Al (6)-0.00713
Al (7)c0.0009
Al (8)=0.0
[10 10 IP=194

10 MU(IP+4)z-MU(IP)

111=1
[U I .LT.Q'J1-1+4

TF(J.LT.0)JJJ=-J+4
S=1 .0
Et0 20 M-19N
MMM=M

:10) S=S+A CM) *FN (IIIJJJ)
SMUMU=S
RFTURN
ENI

FUNCTION PN(IvJ)
COMMON/AREA l/MrMU(8)vA(10)
EXTERNAL FNCOS
PXRC=OiMLIN(PNCOS,0.0,2*3.l4159,1,300,O.OO.OO1,IER)
PN=1.4(2,O*3.14159)*'XRC
RETURN
E ND
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FrkINC 7I1ON PNCOS ( iPH I
COMMON/AREAI/MU(8),A(10)
REAL MUPPHIU()
FACT( Z )=EXF(-17) *Z**Z*SQRT( 2*3 .14159*Z)
COSTH (APHIT9X 7Y ) =X* Y +( 1 .X* *2)*O. 50*( 1 .-Y**2)**0.50*

ICOS(APHI)
FNC=0. 0
N NM
N P1=N 4
ZN=FLOAT (N)
DO 15 MM=1iNF1
ZM=(MM-1 )/2.

I'5 FNC=(-1. )**ZM*FACT(ZN)/(FACT(ZM)*FACT(ZN-ZM) )*FACT(2.*ZN-2.*Zm'/
I (FACT(ZN)*FACT(ZN-2.*Z1) )*COSTH(PHI(1) ,MU(I) tMU(J) )**(ZN-2!.*ZMI

F'NCOS= (1*/ (2.***M) ) *FNC
RETURN
EN E,

SUB'ROUTINE RAE'PRM
COMMON/I LKI/LST.TSASEPSTEMPA(050),RHOA(050),YA(050), '(0§(,,-

1 EEP3(050) tTAU2(050) vTAU3(050) ,ZK2(050) ,ZK3(05)
COMMON/E4LK2-/N,NF1,NF*2,NP3,NEQN*HKEXKINKASE,KRA,FEI,AMI.AMf-

1 DIF'fIXXu,XD ,XP, XL, EXP INTG ,CSALFA vHGSvCINF (10),FREF (10),
2 PR(10),P(10),U(050),F(10,05)tR(O'O),RHO(O'O),OM(O'O),',O'-
3 [EN(050),AMU(050)

1 ,TAUE,VINF,DELTATWTINFPQS,YL,UMAX,UMINvFkgYIF,,Y[M.T& .H6
2HF(10),GAMA(10),AJI(10),AJE(10),SC(05' ,ALI(0SO) ,41I Mvk '

3 CU(050),A(10,050),IB(10,050),C(1Ov5O),'rrMFE(050) PTfM ,"
4 P0(050) iAMACH(0S0) ,CP(050)

COMMON/E'LK5/KRIPFINFEIIFF(50),NOF'TNSAr
* COMMON/SANJ/SIGMEXSIGM~AB,PDENvSlZE
* EDIMENSION AUX(300),TRAN2(SO)tTRAN3(5)0)

DIMENSION EXTN2(50),EXTN3(50)PAK2(50),AK3(50'.:lA-,-
1 EX2(50) ,EX3(50) tAR2(5O) ,AR3(50) vA['2( 50) .AI'
2 112(50) u1113(50)ZT(50),ZT3(50) ,AA(4) *Yt''g~'

EXIERNAL EEILT
EXTERNAL SMUMU
EXTERNAL AKP2
EXTERNAL At\P3
E'EN=0.*075
IF(NSKAT.F0.1) GO TO 3
IF(NSKAT.EO.3) GO TO '
AA (1)=.i 739274
AA (2)=. 3260726
fAA(3)!. 3260726
AA( 4)- * 739274
rin 1 iL-1.4
SCNr0 .0
roio -~9

1 S(NrSCN4 AA I a AAiS~~
60 To A
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?SCN=0. 5
DO[' 10 L=39NP1
TEMPA(L-1 )=TEMF(L-)
RHOA(L-1 )=RHO (L)
YA(i-1I)=Y(L)
YD(L)=Y(L+1 )-Y(L)

10 CONTINUE
YD(2)=(Y(3)-Y(1) )/2.0
YD( I)=YD(2)
TEIIPAC 1)=TEMP( 1)
RHOA(1)=RHO(1)
YA( 1)=Y( 1)
TEMPA(NP1 )=TEMP(NP3)
.RHOA(NP1 )=RHO(NP3)
YA(NP1 )=Y(NP3)
TAU2(1 )=0.0
TAU3( )0O.0
DO 25 11,PNPI
ZK2(L)=(4.37/0.O3281)*((RHOA(L)/BiEN)**1.009)*((TEMPA(L)*

10.0001B)**2.85)
ZK3(L)=(,04985/0.03281)*((RHOA(L)/BEN)**1.205)*((TEMPA(L)*

10.00018)**5.47)
LST=L
VFRA=F(3uL)*RHO(L)/PDEN
NPART=VFRA*YD(L )/SIZE
EXTN=SIGMEX*NPART+SIGIAB*VFRA
SKA =SIGtIEX*NPART
E142(L)=DMLIN(E4LT, .05 * 135,1,300,0.0,0.001, IER)
EE'3(L)=DtILIN(EBLT, .135,20.,1p300v0.0Y0.001PIER)
ZKA2(L) = SIGMAB*VFRA+ZK2(L)*(1.0-YFRA)
ZKA3(L) = SIGMAB*VFRA+ZK3(L)*(1.0-VFRA)
IF(NSKATsEQ.1) GO TO 12
EXTN2(L)=EXTN+ZK2(L)*(I*0-VFRA)
EXTN3CL) - EXTN+ZK3(L)*(1.0-VFRA)
AK2(L)=(ZKA2(L)*(ZKA2(L)+2.0*SCN*SKA))**0.5
AK3(L)=(ZKA3CL)*CZKA3(L)+2.0*SCN*SKA) )**0.
GO TO 15

12 AK2(L)=ZKA2(L)
AK3(L)=ZKA3(L)

15 IF(L.EQ.1) GO TO 25
TAU2(L) = (ZK2(L)+ZK2(L-1) )*(YA(L)-YA(L-1) )*0.5+TAU2(L-1)
TAU3() = (ZK3(L)+ZK3(L-1) )*(YA(L)-YA(L-l) )*0.5+TAU3(L-1)

20 CONTINUE
25 CONTINUE

EX2(1)=(EB2c1)+EB2(2))/2*0
EX3( 1 )(EB3 1 )+EB3(2) )/2.0
AR2( 1)=EB2C1)*2.0*ZKA2(1)
DO 30 '1uINP1
AR2CL)-EB2(L)*2.0*ZKA2(L)
AR3(L)-2.0*ZKA3(L)*EB3'cL)

30 CONTINUE
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DlO 70 L=IPNPI
A1i2 (L)=(2.*AKP2(-1.,0.,-Y(L+1),AK2 (L),ZKA2(L))*EX2(L)-ZKA2(L)*

I AR2(L)/(AK2(L) )**2*(AKP2(-1 .O,-Y(L+1 ) AK2(L-) ZKA2(L) )-AKP2( 1.,
2 0. #-Y(L) ,AK2d(L) PZKA2(L)) ))/(AKP2(-1.il * Y(L)-Y(L+1) vAK2(L),
3 ZKA2(L))-AKP2(1.v1. ,Y(L+1)-Y(L),AK2(L),ZKA2(L)))

AE3(L)=(2.*AKP3(-1.,0. ,-Y(L+1),AK3(L),ZKA3(L))*EX3(L)-ZKA3(L)*
1 AR3(L)/(At(3(L) )**2*(AKP3(-1. 0. ,-Y(L+1 ) AK3(L),ZKA3(L) )-AKP3(1.,
2 0. ,-Y(L) PAK3(L) ,ZKA3(L) ) ))/(AKF'3(-1. 1. ,Y(L)-Y(L+1 ) AK3(L),
3 ZKA3(L))-AKP3(1. ,1. Y(L*1)-Y(L),AK3(L),ZKA3(L)))

BD2(L)=(2.*EX2(L)-AD2(L)*AKP2(-1.,0.,Y(L),AK2(L),ZKA2(L))-
1 ZKA2(L)*AR2(L)/(AK2(L))**2.0)/AKP2(1*P. . -Y(L),AIK2(L)PZKA2(L))

BD3(L)=(2.*EX3(L)-AD3(L)*AKP3(-1.v0. ,Y(L)tAK3(L)vZKA3(L))-
1 ZKA3(L)*AR3(L)/(AK3(L) )**2.0)/AKP3( 14. v-Y(L) ,AK3(L) ,ZKA3(L))

32 IF(EX2(L).EQ.0*0) GO TO 35
ZT2(L)=1.0-(0.5*AE'2(L)*(AKP2(-1.,0.,Y(L+1),AK2(L),ZKA2(L))-

1 AKP2(1.,0. ,Y(L),AK2(L)PZKA2(L)))fDD2(L)*0.5*(AKP2(1.,0.,-Y(L+1)
2 PAK2(L) ,ZKA2(L) )-AKP2(-l.*,0. ,-Y(L) ,AK2(L) ,ZKA2(L) ) ))/EX2(L)

TRAN2(L)=(AD2(L)*AKP2(-I* ,0. Y(L+1) ,AK2(L) ,ZKA2(L) )+
1 BD2(L)*AKP2(1.vO. ,-Y(L+1),AK2(L)tZKA2(L))+
2 ZKA2(L)*AR2(L)/(AK2(L)**2) )/(2.*EX2(L))

GO TO 40
35 ZT2(L)=0.0

TRAN2(L )1 .0
40 IF(EX3(L).EQ,0.0)GO TO 45

ZT3(L)=1.0-(0.5*AE13(L)*(AKP3(-1.,0.,Y(L+1),AK3(L),ZKA3(L))-
1 AKP3(1.,0. ,Y(L),AK3(L)vZKA3(L)) )+BD3(L)*0.5*(AKP3(1.iO ,-Y(L+1)
2 ,AK3(L) ,ZKA3(L) )-AKP3(- * ,O. P-Y(L) ,AK3(L) ,ZKA3(L) )) )/EX3(L)

TRAN3(L)=(AE'3(L)*AKP3(-1. ,0. Y(L+1),AK3(L) ,ZKA3(L) )+
1 BD3(L)*AKP3(1.,0. ,-Y(L+1),AK3(L),ZKA3(L))+
2 ZKA3(L)*AR3(L)/(AK3(L)**2) )/(2.*EX3(L))

GO TO 50
45 ZT3(L)=0,0

TRAN3(L)=1 .0
50 CONTINUE

IF(t4SKAT.EQI)60 TO 57
IF(L.LE*3) 0O TO 55
ZK2(L)=ALOG(1./(1.0-ZT2(L)))/(CY(L)-Y(L-1)))
ZK3(L)=ALOG(.1 ./(1 .0-ZT3(L) ))/( (Y(L)-Y(L-1)))
GO TO 60

55 ZK2(L)=ALOG( ./Cl .0-ZT2(L) ))/( (Y(3)-Y(1) )*.5)
ZK3(L)=ALOG(1./(1.0-ZT3(L)))/((Y(3)-Y(1))*.5)
GO TO 60

57 ZK2(L)=ZKA2(L)
ZK3(L)=ZKA3(L)

60 CONTINUE

IF(L.EQ1l) GO TO 65
TAU2(L)=CZK2(L)+ZK2(L-1))*(YA(L)-YA(L-1))*0.5+TAU2(L-1)
TAU3(L)=(ZK3(L)+ZK3(L-1))*(YA(L)-YA(L-1))*0.5+TAU3(L-1)

1 EB2(M-1)*(Y(M)-Y(M-1))
EX3(M)=EX3(M-1)*(1.-(ZK3(M-1)*(Y(M)-Y(M-1))))+ZKA3(M1l)*

1 EB3(MI-)*(Y(M)-Y(tI-1))
70 CONTINUE
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SUM2=2.0*ZKA2(1)*EB2(1)+QS*TRAN2(N)
r SUI3=2.0*ZKA3(1)*EB3(1)+QS*TRAN3(N)

QSbJQS*TRAN2( N) *TRAN3 (N)
DO0 75 I=Nv2v-l

c SUi2=2.0*ZKA2(I)*E[2(I)*TRAN2(I-1)+SUM2
C SUM3=2.0*ZKA3(1I)*EB3( I)*TRAN3( I-I )+SUM3

OSLJ=OSb*TRAN2( I-1)*TRAN3(I-1)
75 CONTINUE

CALL RADWAL
SUIIR=( 1 O-REFT)*(SUMR--OSW)/3600.

C SUMR=(1.0-REFT)*(SUM2+SUM3-EB2(1)-EB3(1))/3600.
RETURN
END

FUNCTION AKP2(SpPvXvAvB)
AKP2=( 1.0+S*A/4) *( I .+P*S*A/B)*EXP(2.0*A*X)
RETURN
END

FUNCTION AKP3(SPPXCD)
AKP3=(1.0+S*C/D)*(1.O+P*S*C/D)*EXP(2.0*C*X)
RETURN
END

SUBiROUTINE RADCOI( )
COnION/BLKI/LSTPTSPASBSTEMPA(O5O)vRHOA(O5O),YA(05O),EB2(O50),

1 EB3(050) ,TAU2(050) uTAU3(050) ,ZK2(050) ,ZK3(050)
COMMON/BLK2/NPNPlNP2NP3NENPHKEXKINvKASEKRADPEIAMIAMEv

1 DPDXvXUPXDvXPXLPDXPINTGPCSALFAHGSCINF(10) ,PREF(10)t
2 PR(10) ,P(10) ,U(050) vF(1lO050) ,R(050) ,RHO(050) ,OI(050) ,YC050)p
3 DEN(050)vAMU(050)

COMMON/BLK3/KRPPMACHPKRvINDI(IO),INDE(10),SUMRAKPALMGDETATAVI
1 ,TAUEVINFDELTATWPTINFOSPYLUMAXUMINFRPYIPPYEMTRHUv
2 *HF( 10) P6AeA( 10) PAJI (10) PAJEC 10) ,SC(050) vAU(050) ,BU(05O) ,CU(050),
3 AC 10,050) D( 10,050) ,C(10,050) ,TEMPE(050) ,TEMP(050) ,PO(050)v
4 AMACH(O5O)vCPCO5O)

COMMION/BLK4/NHNNONNPNONNN02,NN2,NEPIND(10),STOPAKSRTFTI
1 AMT, DRAGCPSTNOPTAUIWPQWvUGUPUGD

DIMENSION E12(200) ,E13C200) ,EI2S(200) ,E13S(200) ,DIV(200)
DIMENSION AUX(300)
EXTERNAL EBLT
IEN=0*075

M=I -- I
DELT0. 1
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1! TFMPA()+Et T
KHOS-:EN (I) *TR/TS
lt 2S=( 4. 37/0. 03281)*( (RHOS/IBEN) **1. 009)*( (TS*1.BE-04)**2. 85)
ZK3S=(4.985E-02/0.03281)*((RHDS/4EN)**1.205)*((TS*1.BE-04)**
5.47)
SUM2=0.0
S U t3 =0. ' 0
SUII2S=0*00
SUM3S=0.O
CALL EXPNI(E2A2,2,TAU2(M)tIER)
CALL. EXPNI(E2A3v2qTAU3(M)rIER)
CALL EXPNI(E2E42,2,TAU2(NPl)-TAU2(M)PIER)
CALL EXPNI(E2It3,2,TAU3(NPI)-TAU3(M1)IER)
CALL EXPNI (E12(1), 1 ABS(TAU2(M)-TAU2( 1)), IER)
CALL EXPNX(E13(1)vlABS(TAU3(l)-TAU3(1) vuIER)
TAU2S=(ZK2S+ZK2(M-1))*(YA(Il)-YA(M-1))*O.5+TAU2(M-1)
TAU3S=(ZK3S+ZK3(1-1) )*(YA(tI)-YA(M-1) )*O.5+TAU3CII-1)
CALL EXPNI(E2A2Sv2pTAU2SPIER)
CALL EXPNI(E2A3Sv2tTAU3SvIER)
CALL EXPNI(E2B2S,2,TAU2(NPI)-TAU2SvIER)
CALL EXPNI(E2143S,2,TAU3(NPI)--TAU3SIER)
LST-0
EB2S=DI1LIN(EEBLT,05,.135,1,3O0OOv0OO1,IER)
EE3SDMLIN(EBLT,.135,20.,1,300,0.OPO.OOIIER)
CALL EXPNI(EI2S(1)ulvABS(TAU2S-TAU2(1))vIER)
CALL EXPNI (E13S( 1), 1 ABS(TAU3S-TAU3( 1)), IER)
DO 60 L=29NPI
CALL EXPNI (E12(L) P 1 ABS(TAU2(II)-TAU2(L) ) IER)
CALL EXPNI(E13(L),1,ABS(TAU3(M)-TAU3(L) )vIER)
CALL EXPNI(E12S(L) ,1,ABSCTAU2S-TAU2(L) )PIER)
CALL EXPNI(E13S(L)PlgABS(TAU3S-TAU3(L)) vIER)
SUM2=(E12(L)*E12(L)+EB2(L-1)*E12CL-1))*(TAU2CL)-TAU2(L-1))*.5+

1SUM2
SUM3-(EB3(L)*Ej3(L)fEB3(L-1)*E13(L-1))*(TAU3(L)-TAU3(L-1))*.5+

1SUII3
SUt2S=(EB2CL)*El2S(L)+EB2(L-1)*E12S(L-1))*(TAU2(L)-TAU2(L-1))

I*.5+SUII2S
SUI3S=(EB3(L)*El3SCL)+EB3cL-1)*EI3S(L-1))*(TAU3(L)-TAU3(L-1))

1**5+SU1I3S
60 CONTINUE-

DIVRAD=2.*ZK2CtI)*(E2A2*EB2(1+E2B2*EB2NP)+SUM2-2.*E42(M))
1 2.*ZK3(M)*(E2A3*EE'3(1)+E2B3*EB3(NP1)+QS*E2B2*E2D3+

2 SUM3-2.*EB3(I1))
DIVRAS=2.*ZK2S*(E2A2S*Et2(1)+E22S*E2NPI)+SU2S-2*EBt2S)

1 2.*ZK3S*(E2A3S*EB3.1)+E2B3S*E'3(NP1)+QS*E22S*E2B3S
2 +SUM3S-2.*EB3S)

ASt(32.2*O.2162*DIVRAD/(RHO(I)*U(I)))
BSa32.2*0.2162*((DIVRAD-DIVRAS)/DELT+DIVRAD/TEIP(l))/(RHO(I)*

IU(I)*CP(I))
RETURN
END
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SUB!ROUTINE RADWAL
COtMON/ELK/LSTtTSASESTEMPA(O50)tRHOA(050)tYA(050)tE42(05O)r

1 EB3(50) ,TAU2(050) iTAU3(050) ,ZK2(050) ,ZK3(050)
COMIION/ELK2/NNP1NP2NP3tNEQNPHKEXKINtKASEPKRADPEIAMIPAMEP

1 DPDXXUXDtXPvXL'DXPINTGCSALFAHGS.CINF(10),PREF(I0),
2 PR(10),P(I0) tU(050)tF(10,050),R(050) ,RHO(050),OM(050)ipY(050),
3 DEN(050)YAIIU(050)

COMMON/DLK3/KRPdIACHtKRv INDI (10)vINE'E( 10) SUMRAKvALMGtBETAiTAUI
1 vTAUEvVINFDELTAvTbWvTINFOSYLUMAXU1INPFRYIPYEMtTRHI
2 HFC10)ipGAMA(I0)'AJI(10)AJE(I0),SC(050)tAU(050)tBU(050),CU(050),
3 A(10v050),B(10u050) ,C(10,5),TEMPE(050)tTEMP(050),PO(050),
4 AMACH(050)?CP(050)

DIMENSION E2T2(200)PE2T3(200)
SUMR2= * 0
SUMR3=0.0
E2T2C1)=1 .0
E2T3( 1)=1 .0
CALL EXPNZ(E3T2p3pTAU2(NP1),IER)
CALL EXPNICE3T373PTAU3CNP1)PIER)
DO 15 K=2tNP1
CALL EXPNI(E2T2(K)p2pTAU2(K)PIER)
CALL EXPNI(E2T3(K)p2,iTAU3(K)PIER)
SUMR2=(EEB2(K)*E2T2(K)+EB2(K-1)*E2T2(K-1))*(TAU2CK)-TAU2(K-1))

1 *.5+SUMR2
SUtR3=(EB3(K)*E2T3(K)+EB3(K-1 )*E2T3(K-1) )*(TAU3(K)-TAU3(K-1)).

1 *.5+SUMR3
15 CONTINUE

SUMR=2*EE'2(l)-2.*EB2(NP1)*E3T2-2.*SUMR2
1 + 2*EB3(1)-2.*EB3(NP1)*E3T3-2.*SUMR3

C REFT=0*0
C SUMR=( 1.0-REFT)*SUMR/3600,

RETURN
END
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SUBROUTINE EXTRA
COMION/BLK2/NNP1VNP2,NP3,NEQNPHKEXPKINKASEPKRADPEIAMIAME,

1 DPDXXUXDPXPXLDX, INTGCSALFAHGSCINF(10),PREF(10),
2 PR(10) PP( 10) ,U(050) vF(101 050) ,R(050) ,RHO(050) vOM(050) ,Y(050),
3 DEN(050)PAMU(050)

COMION/LK/KRPMACHKRINDI(10),INDE(1O),SUMRAKALM6,BETAPTAUI
1PTAUEPVINFDELTATWTINFOSYLUMAXUMINPFRYIPYEMTRHW,
2HF(1O),GAPIA(I0),AJI(I0),AJE(10),SC(050) vAU(050),DU(050) PCU(050),

3 A(10,050),BC1O,050),C(10,050),TEMPE(O5O) vTEMP(050),PO(050),
4 AIACH(050),CP(050)

COM'MON/BLK4/NHNNONNPNONNPN2NN2,NEIND(10),STOVAKSRTFT,
1 AMTvDRAOCSTNOPTAUIU OW, UGUPUGD

COIIMON/K/KRI
COMMON/GC/GCON(050) vAMOL(050)
KIN=l
NEQ=4
KEX=2
NPN=NEO- 1
N-30
N P1= Nfl
NP2=N+2
NP3=Nf 3
PINF=14.*7
TR=537*.
UGCON= 1543.0
AMOL1=29 .0
AMOL2=29.*0
DO 113 I=1PNP3

302 AMOL(lI)=1 .0/( (F(2, I)/AMOL1 )*(F(3, I)/AMOL2))
113 CONTINUE

DO 303 Iw1,NP3
303 GCON (I )=UGCON/AMOL (I)

AMrUI-1 .2267334E-05
AMU2=1 *2267334E-05
DO 301 I=IPNP3

301 AM()((9)A~/MLI/F2l/M +#55(1.*+AMOL1/
1 AMOL2)**c-0.5) )*( (1.4(AMU1/AMU2)**0.5*((AIOL2/AMOL1)**0.25) )**
2 2.) )+(F(3,I)*AMU2/AMOL2)/(Fc3I)/AMOL.2+0.3535*( (1 +AMOL2/AMOL1.
3 )**(-0.5) )*( (1 +(AMU2/AMUI.)**0.5*( (AMOLI/AMOL2)**0.25) )**2.))

DO 304 Iw1,NP3
304 DEN( I)=PINF*144./CGCON I )*TR)

CP1-5990*0
CP2=5990.*0
DO 306 I11NP3

306 CPC I)inF(2,I)*CP1+F(391I)*CP2
C INTIAL VALUE OF AUXILIARY PARAMETERS

TEMP( 1 )TW
DO 300Q I-2tNP2
TEMP(I)=(F(egHPI)-U(I)*U(I)/,0)/CP(I)

300 TEMPE(I)-TEMP(I)
CALL DENSTY
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DO 351 1~lNF*3

351 AIACH(I)=U(I)/SQRT(I.4*32.2*GCON(I)*ABS(TEMP(I)))
C CALCULATION OF RADII

CALL RADCXUPR(1)vCSALFA)
IF(CSALFA.EQ,0*OR.KRAD.EO.0) GO TO 27.
DO 28 I=2,NP3

28e R(I)=R(1)+Y(I)*CSALFA.
GO TO 29

27 DO 30 I=2?NP3
30 R(I)=R(1)
29 CONTINUE

C CALCULATION OF OMEGA VALUES
OM( 1)=O.
OM(2)=O,
DO 49 1=3tNP3

49 OM(l)=OM(I-1)4.5*(RHO(I)*U(I)*R(I)fRHO(I-1)*U(I-1)*R(I-1) )*
I (YCI)-Y(I-lfl

PEI=OMCNP2)
DO 59 I=3,NP1

59 ON(I)=OM(Z)/PEI
OM(NP2)w1.
OM(NP3)=1.
IF(NEO.EO. 1)RETURN
DO 69 J-lPNPH
IF(KEX.EO 1) INDE(J)=1
IF(KIN.EO. I)INDI(J)=1

69 CONTINUE
RETURN,
END[
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